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“I	  truly	  remember	  the	  day	  in	  summer	  of	  1990,	  
when	  we	  measured	  for	  the	  first	  time	  the	  SAR	  of	  a	  
dispersion	  of	  nano-­‐sized	  iron	  oxide	  particles.	  As	  we	  
had	  done	  hundreds	  of	  measurements	  with	  different	  
ferrite	  particles	  embedded	  in	  agar	  to	  circumvent	  
sedimentation	  of	  the	  particles	  within	  the	  sample	  vial,	  
this	  time	  we	  took	  a	  so-­‐called	  magnetic	  fluid,	  a	  stable	  
dispersion	  of	  nano-­‐scaled	  iron	  oxide	  particles	  coated	  
with	  a	  dextran	  shell.	  After	  a	  few	  minutes	  with	  the	  
same	  high	  magnetic	  field	  amplitude	  we	  had	  used	  in	  
all	  measurements	  before	  (12	  kA/m),	  the	  plastic	  tube	  
suddenly	  exploded	  and	  the	  black	  liquid	  splashed	  
through	  the	  room	  and	  on	  our	  clothes.	  After	  we	  had	  
excluded	  any	  errors	  from	  our	  experimental	  set-­‐up,	  
we	  noted	  that	  nanoscaled	  particles,	  i.e.	  subdomain	  
particles	  were	  superior	  to	  micron-­‐sized,	  
multidomain	  particles	  in	  terms	  of	  SAR.”	  
	  
-­‐Andreas	  Jordan,	  MagForce	  Nanotechnologies™,	  2009	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Abstract	  
There	  is	  a	  growing	  interest	  in	  the	  use	  of	  magnetic	  nanoparticles	  as	  agents	  for	  hyperthermia.	  	  Within	  
the	  vast	  body	  of	  research,	  iron	  oxide	  nanoparticles	  are	  the	  most	  intensly	  studied	  due	  to	  their	  known	  
metabolic	   pathways,	   low	   toxicity	   and	   suitable	  magnetic	   properties.	   	   In	   this	   thesis,	   however,	   novel	  
alloys	  of	  FePt	  and	  CoFePt	  doped	  with	  silver	  have	  been	  chosen	  for	  hyperthermia	  studies,	  since	  their	  
crystallinity,	   and	   subsequent	   magnetic	   properties	   can	   be	   easily	   fine	   tuned,	   allowing	   for	   versatile	  
nanomaterials	  for	  RF	  heating	  applications.	  	  	  
	  
The	   FePt	   and	   CoFePt	   magnetic	   nanoalloys	   utilised	   in	   this	   work	   were	   synthesised	   using	   a	   reverse	  
micelle	   technique	   in	   which	   the	   reduction	   of	   Fe3+,	   Co2+	   and	   Pt2+	   cations,	   and	   the	   Ag+	   dopant	   was	  
achieved	  with	  sodium	  borohydride.	  	  The	  resulting	  “as-­‐synthesised”	  nanoparticles	  were	  harvested	  by	  
liquid-­‐liquid	  extraction,	  purified,	  and	  annealed	  at	  temperatures	  up	  to	  600	  °C	  in	  a	  tube	  furnace	  under	  
a	   reducing	   atmosphere	   of	   5%	   v/v	   H2.	   	   The	   effects	   of	   the	   thermal	   annealing	  were	   investigated	   by	  
means	   of	   x-­‐ray	   diffraction,	   where	   it	   was	   found	   that	   the	   nanoparticles	   underwent	   several	  
crystallographic	   phase	   changes,	   from	   chemically	   disordered,	   to	   pseudo	   cubic	   structures	   of	   A1	  
configuration,	   through	   to	   face	   centred	   tetragonal	   structures	   of	   L10	   conformation.	   	   The	   magnetic	  
characteristics	  of	  these	  phases	  were	  determined	  by	  SQUID	  magnetometry,	  where	  samples	  of	  para-­‐	  
superpara-­‐	   and	   ferro-­‐magnetic	   nature	   were	   able	   to	   be	   tailored	   by	   changing	   the	   inherent	   crystal	  
structure.	   	   The	   effect	   of	   Ag	   dopant	  was	   examined,	   and,	   found	   to	   reside	   in	   the	   face-­‐centred	   cubic	  
phases	  of	  FePt	  and	  CoPt,	  forming	  a	  strained	  cubic	  system	  with	  increased	  magnetic	  coercivity.	  
	  
A	   novel	   differential	   adiabatic	   micro-­‐calorimeter	   was	   constructed	   that	   accounted	   for	   many	  
shortcomings	   that	   have	   been	   reported	   in	   the	   literature,	   such	   as	   eddy	   current	   self	   heating	   of	  
	  
	  
viii	  
thermocouples	  and	  convective	  heat	  transfer	  to	  the	  sample	  from	  the	  electromagnet.	  	  A	  least-­‐squares	  
lumped	   parameter	   model	   of	   the	   system	   was	   employed	   to	   analyse	   the	   data	   from	   a	   commercial	  
magnetite	   sample,	   which	   overcame	  many	   of	   the	   uncertainties	   involved	   in	   calculating	   the	   specific	  
absorption	  rate	  (SAR)	  of	  the	  nanoparticles	  in	  the	  AC	  magnetic	  field	  by	  the	  conventional	   initial	  slope	  
method	  (ΔT/Δt).	  	  	  	  
It	  was	   found	   that	   the	  power	  output	  of	   the	   superparamagnetic	   iron	  oxide	  nanoparticles	   (SPION)	   in	  
the	  viscous	  SPAN85	  suspension	  medium	  increased	  linearly	  with	  nanoparticle	  mass,	  consistent	  with	  a	  
Néelian	  heating	  mechanism	  as	  the	  predominant	  process.	  
	  
The	  SAR	  values	  obtained	  from	  a	  commercial	  magnetite	  sample	  were	  consistent	  with	  others	  reported	  
in	   the	   literature,	   but	   are	   believed	   to	   be	   more	   accurate	   after	   accounting	   for	   the	   aforementioned	  
shortcomings.	   	   Studies	   of	   the	   literature	   revealed	   that	   SAR	   values	   are	   unique	   to	   each	   calorimeter,	  
with	  myriad	  parameters	  effecting	  the	  SAR	  for	  a	  given	  material,	  such	  as	  particle	  size,	  viscosity	  of	  the	  
suspension	  medium,	  the	  volume	  and	  geometry	  of	  the	  calorimeter	  vessel,	  the	  temperature	  recording	  
method,	  the	  SAR	  calculation	  technique	  (initial	  slope	  or	  other)	  and	  the	  strength	  and	  frequency	  of	  the	  
applied	  field,	  which	  make	  comparisons	  of	  SAR	  values	  from	  different	  research	  groups	  difficult.	  
Experimentally	   derived	   SAR	   values	  were	   determined,	   for	   the	   first	   time,	   for	   two	   selected	   alloys;	   a	  
superparamagnetic	   alloy	   consisting	   of	   silver	   doped	   FePt	   annealed	   at	   300	   °C,	   and	   a	   weakly	  
ferromagnetic	  alloy	  consisting	  of	  silver	  doped	  CoFePt	  annealed	  at	  500	  °C.	  	  The	  observed	  SAR	  values	  
for	   these	  two	  alloys	  were	   lower	   than	  those	  of	   the	  commercial	  magnetite,	  which	  was	  attributed	  to	  
the	   lower	   magnetic	   susceptibility	   of	   the	   superparamagnetic	   FePt	   alloy	   when	   compared	   to	   the	  
commercial	  magnetite,	  and,	   for	   the	   ternary	  FeCoPt	  alloy,	   the	   limited	  amount	  of	  hysteretic	  heating	  
from	  the	  very	  small	  amplitude	  of	  the	  magnetic	  field	  used	  in	  the	  calorimeter,	  which	  was	  restricted	  to	  
maintain	  𝐻𝑓	  conditions	  within	  biologically	  relevant	  limits.	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1	  
CHAPTER	  	  1	  
	  
	  
GENERAL	  INTRODUCTION	  
	  
1.1	   Magnetic	  Nanoparticles	  and	  Hyperthermia	  
	  
The	   last	   two	  decades	  have	   seen	   intense	   interest	   in	   the	  use	  of	  magnetic	   nanoparticles	   for	  
medicine	  [1-­‐2],	  in	  particular	  for	  hyperthermia	  [3].	  Hyperthermia,	  in	  the	  most	  general	  sense,	  
makes	   use	   of	   excess	   heat	   for	   the	   purpose	   of	   treating	   cancer	   [4],	   and	   as	   such	   can	   be	  
described	  as	  the	  methodology	  of	  heating	  cells	  to	  temperatures	  of	  43	  °C	  and	  above,	  inducing	  
hypoxia	   and	   acidosis,	   which	   causes	   cell	   death	   due	   to	   oxygen	   deprivation,	   and	   decreased	  
cellular	  pH,	   respectively.	   These	  events	  occur	  as	  a	   result	  of	   increased	  biochemical	   reaction	  
kinetics	   arising	   from	   the	   elevated	   temperature	   in	   the	   rapidly	   dividing	   and	   hence	   energy-­‐
demanding	   cells.	   	   In	   contrast,	   thermo-­‐ablation	   represents	   the	   cellular	   destruction	  
subsequent	  to	  protein	  denaturing	  at	  temperatures	  in	  excess	  of	  47	  °C.	  	  	  	  	  	  
In	  general,	  the	  techniques	  for	  administering	  the	  heat	  can	  be	  local,	  regional	  or	  whole-­‐body	  at	  
temperatures	   below	   41	   °C	   and	   include	   focused	   ultra	   sound,	   infrared	   saunas	   (i.e.	   heat	  
lamps),	  microwave	   techniques,	   induction	  heating	   (i.e.	   eddy	   currents),	  magnetic	   induction,	  
infusion	  of	  warmed	  liquids	  and	  magnetic	  nanoparticle	  hyperthermia.	  	  
	  
	  
2	  
For	   example,	   the	  mechanism	   of	   cell	   death	   resulting	   from	   nanoparticle	   hyperthermia	   has	  
been	  studied	  in	  cultivated	  HeLa	  cells	  [5]	  and	  was	  found	  to	  arise	  from	  the	  disruption	  of	  the	  
actin	   and	   tubulin	   cytoskeleton	  when	  heated	   repeatedly	   (2	  –	  3	   times)	   	   above	  43	   °C	   for	  15	  
minutes	  with	  4	  minutes	  of	  cooling	  between.	  
It	   is	   well	   known	   that	   an	   oscillating	   magnetic	   field	   imparts	   power	   into	   ferromagnetic	  
materials	  according	  to	  the	  relationship:	  
	  
	  P =   π  μ!    μ" !![!!  !!(μ!!!)]! 𝑓𝐻!!	  	  	  (W/m3)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.1	  
	  
Where	   μ”	   is	   the	   imaginary	   part	   of	   the	   complex	   permeability	   as	   a	   function	   of	   the	   applied	  
magnetic	   field	   H0,	   Nv	   is	   the	   demagnetisation	   factor	   relating	   to	   the	   coercivity	   and	   f	   is	   the	  
oscillation	  frequency	  of	  the	  field	  [6].	  
	  
As	  a	  result	  of	  Equation	  1.1	  Gilchrist	  [7]	  published	  a	  pioneering	  article	  in	  1957	  describing	  the	  
inductive	  heating	   effects	   of	  micron-­‐sized	   iron	  oxide	  powders	  hypodermically	   injected	   into	  
canine	   lymph	   nodes	   and	   2	   cm	   cubes	   of	   beef	   liver,	   and	   subsequently	   exposed	   to	   a	   radio-­‐
frequency	   alternating-­‐current	   (RF-­‐AC)	   magnetic	   field.	   	   During	   this	   study,	   it	   was	  
demonstrated	   that	   a	  magnetic	   field	   oscillating	   at	   a	   frequency	   1.2	  MHz	   and	   amplitude	   of	  
around	  250	  Oersteds	  (ca.	  20	  kA/m)	  could	  impart	  energy	  into	  the	  injected	  magnetic	  seeds,	  at	  
a	   rate	   faster	   than	   the	  dielectric	  heating	  of	   the	  oscillating	  magnetic	   field	   in	   the	  beef	  cubes	  
alone,	  and	  thus	  demonstrated,	  for	  the	  first	  time,	  that	  injectable	  magnetic	  materials	  could	  be	  
utilized	   to	   convert	   magnetic	   energy	   into	   thermal	   energy,	   acting	   as	   local,	   site-­‐specific	  
hyperthermia	  agents.	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However	   progress	   towards	   human-­‐applications	   of	   the	   technology	   developed	   by	   Gilchrist	  
was	  hindered	  due	  to	  the	  following	  relationship:	  	  
𝐏 =   σ!(πμ!)!(𝐇!f)!r!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.2	  
Where	  σt	  is	  the	  electrical	  conductivity	  of	  the	  tissue,	  μ0	  is	  the	  vacuum	  permeability	  H0f	  is	  the	  
product	  of	   the	  field	  amplitude	  and	  frequency	  and	  r	   is	   the	  radius	  of	   the	  exposed	  tissue	  (or	  
the	  radius	  of	  the	  induced	  eddy	  current	  loop)	  and	  P	  is	  the	  power	  dissipated	  in	  the	  tissue	  due	  
to	  eddy	  current	  heating	  and	  dielectric	  loss.	  	  From	  Equation	  1.2,	  it	  is	  clear	  that	  not	  only	  does	  
the	   power	   dissipated	   into	   the	   tissue	   from	   the	   imposed	   oscillating	   field	   increase	   as	   the	  
square	  of	  the	  product	  of	  the	  field	  amplitude	  and	  field	  frequency,	  but	  also	  that	  it	  increases	  as	  
the	  square	  of	  the	  cross-­‐sectional	  dimension	  of	  the	  exposed	  tissue.	  	  Or	  rather,	  for	  large	  H!f	  
products	   (such	  as	   that	  used	  by	  Gilchrist),	   and	   cross-­‐sectional	   areas	  of	   tissue	   closer	   to	   the	  
size	  of	  a	  human	  torso,	  the	  field	  itself	  induces	  deleterious,	  non-­‐specific	  heating,	  analogous	  to	  
a	  microwave	  oven.	  
This	  problem	  prompted	  Bresovich	  and	  co-­‐workers	  [8]	  to	  propose	  a	   limit	  on	  the	  product	  of	  
the	  magnetic	   field	  H	   and	   frequency	   f,	   (Hf)max,	   such	   that	   it	   should	  not	  exceed	   the	   value	  of	  
4.85	  x	  108	  A/m.s,	  based	  upon	  studies	  of	  	  patients	  exposed	  to	  field	  amplitudes	  of	  35.8	  kA/m	  
and	  frequencies	  of	  13.56	  MHz	  without	  suffering	  a	  major	  thermal	  impact	  from	  eddy	  currents.	  	  
As	  a	   result,	   field	   frequencies	  employed	   in	  clinical	   trials	   today	  are	   in	   the	  order	  of	  100	  kHz,	  
and	  amplitudes	  of	  around	  4	  kA/m	  [9].	  
After	  Gilchrist’s	  seminal	  work	  in	  1957,	  it	  was	  not	  until	  1990,	  when	  Jordan	  and	  co	  workers	  [6,	  
10]	  discovered	  the	  remarkable	  heating	  effects	  of	  small	  (<100	  nm)	  iron	  oxide	  nanoparticles,	  
that	  interest	  was	  rekindled	  in	  the	  field	  of	  magnetic	  nanoparticles	  for	  hyperthermia,	  as	  they	  
	  
	  
4	  
were	  able	   to	  operate	  adequately	  within	   the	  Bresovich-­‐defined	   [8]	   field	  parameters.	   	  Since	  
then,	  studies	  have	  flooded	  the	  literature	  explaining	  the	  so-­‐called	  Néel	  [11]	  and	  Brown	  [12]	  
magnetic	   relaxation	   mechanisms	   (Section	   1.5)	   which	   occur	   exclusively	   in	   nano-­‐sized	  
magnetic	  particles,	  as	  well	  as	  hysteretic	  heating	  (1.3).	   	  Vast	  numbers	  of	  studies	  have	  been	  
performed	   on	   the	   thermal	   relaxation	   of	   magnetic	   nanoparticles	   in	   oscillating	   magnetic	  
fields;	  however	  these	  have	  predominately	  focused	  on	  iron	  oxide.	  	  	  
In	   particular,	   Jordan’s	   research	   group	   have	   remained	   at	   the	   forefront	   of	   this	  movement,	  
founding	   MagForce	   Nanotechnologies™	   which	   designed	   and	   patented	   a	   hydrophilic	  
nanoparticle	   formulation	   based	   on	   iron	   oxide,	   namely	   the	   MFL	   AS,	   and	   the	   MFH®	   300F	  
which	  generates	  alternating	  current	  magnetic	  fields	  for	  experimental	  human	  trials	  [13-­‐14].	  	  
Since	  then,	  the	  group	  has	  performed	  trials	  on	  patients	  with	  glioma	  [9],	  prostate	  cancer	  [15-­‐
17]	  and	  hepatocellular	  carcinoma	  [18],	  and	  have	  written	  a	  review	  of	  the	  clinical	  applications	  
of	  magnetic	  hyperthermia	  covering	  the	  literature	  up	  until	  2008	  [19].	  
However,	   examination	   of	   the	   scientific	   literature	   in	   terms	   of	   reported	   temperature	   rises	  
resulting	   from	   seemingly	   comparable	   experimental	   parameters	   spans	   a	   large	   range	   of	  
values,	   which	   opens	   up	   the	   question	   of	   a	   detailed	   investigation	   into	   the	   mechanisms	   of	  
heating,	  and	  precision	  in	  thermal	  characterisation.	  
Alloying	   of	   different	   transition	  metals	  with	   one	   another	   offers	   control	   over	   the	  magnetic	  
character	  of	  a	  material	  [20-­‐21]	  owing	  to	  the	  ‘tunability’	  of	  the	  crystal	  structures	  of	  alloys	  and	  
the	  subsequent	  magnetic	  phenomena	  that	  arise	  as	  a	  result	  of	  this.	  
This	   study	   thus	   addresses	   two	   key	   aspects	   relating	   to	   magnetic	   nanoparticles	   for	  
hyperthermia,	   the	   synthesis	   and	   characterisation	   of	   nanoalloys	   with	   precisely	   defined	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properties,	   and	   the	   design	   and	   calibration	   of	   a	   sensitive	   micro-­‐calorimeter	   to	   accurately	  
study	  the	  power	  dissipated	  by	  the	  nanoalloys.	  
	  
1.2	   A	  Brief	  History	  of	  Magnetism	  
	  
Magnetic	  materials	  find	  applications	  in	  all	  aspects	  of	  modern	  day	  life,	  with	  their	  use	  dating	  
back	  to	  antiquity.	   	  Much	  mythology	  and	   lore	  surrounded	  magnetism	   in	  the	  ancient	  world;	  
the	   earliest	   reference	   to	   the	   use	   of	   lodestone	   (naturally	   magnetised	   magnetite,	   Fe3O4)	  
appeared	  in	  600	  BC	  by	  the	  Greek	  philosopher	  Thales	  of	  Miletus	  who	  attempted	  to	  describe	  
lodestone’s	  mysterious	  attractive	  forces	  by	  a	  then-­‐popular	  occurrence	  known	  as	  ‘Animism’,	  
imparting	  a	  soul	  in	  lodestone	  to	  explain	  the	  phenomenon.	  	  The	  Chinese	  reportedly	  were	  the	  
first	   to	  employ	   lodestone	   in	  compasses,	  dating	  back	   to	   the	  period	  of	   the	  Qin	  dynasty,	   the	  
first	   imperial	   dynasty	   in	   China,	   around	   200	   BC,	   while	   their	   first	   literary	   reference	   to	  
lodestone	  dates	  back	  further	  to	  the	  4th	  century	  BC,	   in	  the	  Book	  of	  the	  Devil	  Valley	  Master	  
[22].	   	   There	   are	   also	   speculations	   [23-­‐24]	   that	   the	   ancient	   Mayans	   and	   Olmecs	   in	  
Mesoamerica	   constructed	   their	   ceremonial	   centres	  with	   the	   aid	   of	   a	   lodestone	   compass,	  
thousands	  of	  years	  before	  the	  Chinese,	  around	  1500	  BC.	  	  
Lodestones	   are	   highly	   magnetised	   natural	   samples	   of	   magnetite,	   and	   the	   origin	   of	   their	  
magnetic	   polarisation	   stems	   from	   the	   magnetic	   fields	   associated	   with	   very	   large	   electric	  
currents	   found	   in	   lightning.	   Indeed,	   naturally	   magnetised	   magnetite	   lodestones	   are	   only	  
found	  near	  the	  topmost	  portions	  of	  the	  Earth’s	  crust	  where	  they	  can	  be	  struck	  by	  lightning	  
[25].	   	  The	  name	   lodestone	  originated	   in	   the	  1500s	   from	  Middle	  English,	  meaning	  “leading	  
stone”,	  owing	  to	  its	  ability	  to	  be	  used	  as	  a	  compass,	  while	  the	  name	  “magnet”	  purportedly	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stems	  from	  lodestones	  originating	  from	  Magnesia,	  an	  ancient	  Greek	  city	  in	  Iona,	  located	  in	  
present	  day	  Turkey	  [26].	  	  	  
	  
1.3	   Origins	  of	  Magnetism:	  Basic	  Principles	  on	  the	  Macroscopic	  Scale	  
	  
A	  magnetic	  field	  is	  created	  whenever	  an	  electric	  charge	  is	  in	  motion,	  and	  this	  fact	  was	  first	  
discovered	  in	  1819	  by	  Oersted,	  whose	  name	  has	  been	  given	  to	  the	  cgs	  unit	  describing	  it	  (the	  
SI	  unit	  is	  Amps/meter).	  	  Similarly,	  an	  electric	  current	  in	  a	  conductor	  generates	  a	  surrounding	  
magnetic	   field	   as	   do	   the	   orbital	  motions	   and	   spins	   of	   the	   unpaired	   electrons	   in	   atoms	   in	  
permanent	   magnets.	   	   Atoms	   containing	   at	   least	   one	   un-­‐paired	   electron	   are	   said	   to	   be	  
paramagnetic.	  	  
	  
The	  magnetic	  induction	  B	  is	  a	  vector	  field	  since	  at	  any	  point	  it	  consists	  of	  a	  direction	  and	  a	  
magnitude.	  	  It	  arises	  from	  two	  contributions:	  the	  magnetic	  field,	  H,	  and	  the	  magnetisation	  of	  
the	  material,	  M.	  The	  magnetic	  induction	  in	  free	  space	  is	  expressed	  as	  [27]:	  
	  
B	  =	  μ0H	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.3	  
	  
Where	  μ0	  is	  the	  magnetic	  permeability	  of	  free	  space,	  which	  has	  a	  value	  of	  1.257	  x	  10-­‐6	  m	  kg	  
s-­‐2	  A-­‐2.	  	  	  
Similarly,	  the	  magnetic	   induction	  of	  a	  material	  arising	  from	  the	  magnetisation	  is	  expressed	  
as:	  	  
	   	   	   	   	   B	  =	  μ0M	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.4	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Hence,	  the	  magnetic	  induction	  of	  a	  material	  is	  then	  the	  vector	  sum	  of	  Equations	  1	  and	  2,	  
leading	  to:	  
	   	   	   	   	   B	  =	  μ0(H	  +	  M)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.5	  
	  
Magnetic	   materials	   can	   be	   classified,	   or	   ranked,	   in	   order	   of	   their	   relative	   permeabilities;	  
materials	  with	  permeabilities	  less	  than	  μ0	  are	  diamagnets,	  those	  that	  are	  higher	  than	  μ0	  are	  
paramagnets	   and	   those	   with	   permeabilities	   vastly	   higher	   are	   ferromagnets.	  	  
Superparamagnets	  will	  be	  introduced	  in	  the	  next	  section,	  and	  have	  a	  permeability	  between	  
para-­‐	  and	  ferro-­‐magnets.	  	  
The	  permeability	  of	  a	  material	   is	   the	  ability	  of	  a	  magnetic	   field	   to	  penetrate,	  or	  permeate	  
the	  medium,	  and	  is	  defined	  as	  the	  ratio:	  
μ	  =	  B/H	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.6	  
	  
While	  the	  susceptibility	  (χ)	  of	  a	  material	  is	  its	  compliance	  towards	  magnetisation,	  expressed	  
as	  the	  ratio	  of	  magnetisation	  to	  applied	  magnetic	  field:	  
	  
	   	   	   	   	   χ	  =	  M/H	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.7	  
	  
Thus	  values	  for	  χ	  have	  no	  units.	   	  Typical	  susceptibilities	  for	  diamagnets	  are	  of	  the	  order	  of	  
negative	  1	  x	  10-­‐6	  and	  some	  common	  diamagnetic	  elements	  include	  Bi,	  Be,	  Ag,	  Au,	  Ge	  and	  Cu.	  	  
The	   fact	   that	   the	   χ	   of	   diamagnets	   is	   negative	  means	   that	   they	   are	   weakly	   repelled	   by	   a	  
magnetic	   field;	   their	   magnetic	   moments	   align	   anti-­‐parallel	   to	   the	   applied	   field	   (in	  
compliance	   with	   Lenz’s	   Law	   which	   states	   that	   an	   induced	   electromotive	   force	   and	   the	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change	   in	   magnetic	   flux	   have	   opposing	   signs).	   	   Conversely,	   paramagnets	   have	   positive	   χ	  
values,	   of	   the	   order	   of	   +	   0.2	   to	   66	   x	   10-­‐6,	   meaning	   that	   they	   are	   weakly	   attracted	   to	   a	  
magnetic	  field	  and	  their	  atomic	  moments	  temporarily	  align	  parallel	  with	  the	  field	  while	  it	  is	  
present.	  	  Examples	  of	  paramagnetic	  elements	  include	  β-­‐Sn,	  W,	  Al,	  Pt	  and	  Mn.	  	  Ferromagnets	  
have	  susceptibilities	  many	  orders	  of	  magnitude	  higher,	  and	  include	  elements	  such	  as	  Fe,	  Co	  
and	   Ni.	   	   Here	   the	   magnetic	   moments	   remain	   ordered	   into	   domain	   structures	   after	   the	  
removal	   of	   the	   magnetic	   field,	   and	   to	   de-­‐magnetise	   a	   ferro-­‐magnet,	   a	   field	   equal	   in	  
magnitude	  but	  of	  opposite	  direction	  must	  be	  applied,	  giving	  rise	  to	  magnetic	  hysteresis	  [27].	  
These	  ideas	  are	  illustrated	  in	  Figures	  1.1	  and	  1.1	  below.	  
	  
Figure	  1.1:	  	  Magnetic	  responses,	  M,	  of	  ferro-­‐,	  para-­‐	  and	  diamagnets	  in	  an	  applied	  field,	  H.	  
	  
From	   Equation	   1.5,	   it	   is	   seen	   that	   the	   bulk	   scale	   magnetisation	  M	   of	   a	   ferromagnetic	  
material	   is	   field	   induced,	   and	   in	   the	   absence	   of	   a	  magnetic	   field,	   there	   is	   no	   observable	  
macroscopic	  magnetisation.	  	  On	  a	  microscopic	  scale,	  however,	  the	  material	  remains	  locally	  
magnetised	   in	  randomly	  oriented	  domains,	  with	  zero	  net	  magnetisation,	  which	   lowers	  the	  
magnetostatic	   energy.	   	  Magnetic	   domains	   typically	   contain	   1012	   –	   1018	   atomic	  moments,	  
	  (-­‐)	  
	  (+)	  
	  
	  
	  
	  
	  	  	  	  0	  
	  	  
	  
	  
	  
	  
9	  
separated	   by	   domain	   walls.	   A	   domain	   wall	   is	   the	   term	   given	   to	   an	   ensemble	   of	   atomic	  
magnetic	  moments,	  which	  gradually	  change	  direction	  over	  the	  distance	  of	   the	   ‘wall’.	   	  This	  
can	  be	  visualised	  by	  thinking	  of	  a	  magnetic	  domain	  as	  a	  collection	  of	  moments	  having	  a	  net	  
magnetisation	  in	  one	  direction,	  and	  then	  thinking	  of	  a	  domain	  wall,	  where,	  over	  the	  course	  
of	  the	  order	  of	  150	  moments,	  the	  direction	  of	  magnetisation	  rotates	  by	  180	  °	  thus	  beginning	  
a	  new	  domain,	  as	  depicted	  in	  Figure	  1.2	  below.	  	  	  
	  
Figure	  1.2:	  Schematic	  diagram	  of	  a	  domain	  wall.	  	  	  
	  
As	   the	   material	   becomes	   magnetically	   saturated,	   domains	   that	   are	   not	   parallel	   with	   the	  
applied	  magnetic	  field	  diminish	  to	  allow	  the	  growth	  of	  the	  other	  domains	  that	  are	  parallel	  
with	  the	  field.	   	   In	  doing	  so,	  the	  domain	  walls	  must	  traverse	  the	  material	  much	  like	  a	  wave	  
propagates	  on	  the	  surface	  of	  a	  liquid,	  where	  it	  can	  encounter	  “pinning	  sites”	  such	  as	  surface	  
defects,	   microstructural	   strain	   and	   non-­‐magnetic	   impurities	   which	   resist	   the	   wall	   motion	  
thus	  absorbing	  energy	  which	  is	  dissipated	  as	  heat.	  	  	  
	  
These	   inter-­‐relationships	  of	   the	  aforementioned	   terms	   can	  be	   represented	  as	  points	  on	  a	  
magnetisation	  loop,	  as	  shown	  below	  in	  Figure	  1.3:	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Figure	   1.3:	   Graphical	   representation	   of	   a	   magnetisation-­‐demagnetisation	   cycle	   of	   a	  
ferromagnetic	  material,	   showing	   the	  material’s	  magnetic	   saturation	   (MS),	   remanence	   (MR)	  
and	  coercivity	  (HC).	  	  Image	  taken	  from	  [28].	  
	  
From	  Figure	  1.3	  the	  energy	   loss	  per	  cycle	  can	  be	  predicted	  from	  the	  area	  under	  the	  curve	  
according	  to:	  
𝐄𝐬𝐭𝐨𝐫𝐞𝐝 = 𝐕   𝐇 ∙ 𝐝𝐁	  
Where	  V	   is	  the	  volume	  of	  the	  nanoparticles	  and	  the	  integral	  of	  H.dB	   is	  the	  area	  under	  the	  
curve.	  
	  
1.4 	  	  	  	  	  	  	  	  	  Magnetism:	  Basic	  Principles	  on	  the	  sub-­‐atomic	  scale	  
The	  orbital	  motions	  and	  spins	  of	  unpaired	  electrons	  in	  atoms	  create	  a	  magnetic	  field.	  	  Atoms	  
containing	  at	  least	  one	  un-­‐paired	  electron	  are	  said	  to	  be	  paramagnetic,	  whilst	  those	  with	  no	  
un-­‐paired	  electrons	  are	  termed	  diamagnetic.	  	  Electrons	  have	  angular	  momentum	  associated	  
with	   their	   spatial	  movement	  around	   their	  atomic	  nucleus.	   	   Since	  a	  moving	  electric	   charge	  
generates	   a	   magnetic	   field,	   the	   magnetic	   moment	   of	   an	   electron	   is	   proportional	   to	   its	  
angular	  or	  orbital	  momentum,	  giving	  an	  orbital-­‐magnetic	  moment.	  	  In	  addition	  to	  the	  orbital	  
(MS)	  
(HC)	  
(MR)	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momentum	   of	   electrons,	   the	   electron	   possesses	   “spin”	   momentum	   arising	   from	   the	  
revolution	  of	  the	  electron	  around	  its	  own	  axis.	  	  This	  can	  exist	  as	  either	  spin	  up,	  or	  spin	  down.	  	  
Hund’s	  rule	  dictates	  that	  orbitals	  will	  be	  occupied	  by	  electrons	  of	  a	  single	  spin	  orientation	  
first	   until	   all	   orbitals	   are	   filled	   with	   a	   single	   electron,	   before	   a	   second	   electron	   of	   the	  
opposite	  spin	  configuration	  can	  occupy	  that	  orbital	  as	  well.	  	  When	  an	  orbital	  contains	  both	  
spin	  up	  and	  spin	  down	  electrons,	  no	  net	  magnetic	  moment	  is	  observed,	  and	  diamagnetism	  is	  
exhibited.	  
Iron	  atoms	  are	  referred	  to	  as	  3d	  atoms,	  since	  their	  valence	  band	  contains	  an	  incomplete	  3d	  
orbital	  state,	  with	  4	  un-­‐paired	  electrons,	  as	  depicted	  in	  Figure	  1.4	  below.	  
	  
	  
	  
	  
Figure	  1.4:	   	   (a)	   Electronic	   configuration	   for	   zero-­‐valent	   Fe	  atoms	   (in	  a	   symmetrical	   crystal	  
field),	  showing	  four	  un-­‐paired	  electrons	  contributing	  to	   its	  paramagnetism	  (b)	  high	  spin	  d6	  
ferrous	  cation	  (Fe2+)	  and	  (c)	  high	  spin	  d5	  ferric	  cation	  (Fe3+).	  
	  
(a) Fe0	  
	  
	  
	  
	  
	  
	  
(b) Fe2+	  
	  
	  
	  
(c) Fe3+
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One	   of	   the	   magnetic	   nanomaterials	   examined	   in	   this	   thesis	   is	   magnetite	   (Fe3O4	   =	  
FeO.Fe2O3),	  which	  contains	  alternating	  layers	  of	  Fe3+	  and	  Fe2+,	  rather	  than	  the	  Fe0	  described	  
in	  Figure	  1.4	   (a),	  and	   the	  Fe	   ions	  are	  crystallised	   in	  an	   inverse	  spinel	   structure.	  The	  spinel	  
structure	  has	  the	  general	  formula:	  
	   	   	   	   	   A(!"!)B!(!"#)O!	  
While	  inverse	  spinels	  have	  the	  general	  formula:	  
	   	   	   	   	   B(!"!)[A !"# B !"# ]O!	  	  
With	  tet	  =	  tetrahedral	  site	  and	  oct	  =	  octahedral	  site	  in	  the	  close	  packed	  oxide	  structure	  of	  
the	  unit	  cell.	  	  For	  magnetite,	  A	  =	  Fe2+	  and	  B	  =	  Fe3+,	  and	  the	  unit	  cell	  is	  described	  as	  follows:	  
	   	   	   	   	   8[𝐹𝑒!!(𝐹𝑒!!.𝐹𝑒!!)𝑂!]	  	  
Thus	  the	  unit	  cell	  of	  magnetite	  consists	  of	  32	  O2-­‐	  anions,	  16	  Fe3+	  cations	  and	  8	  Fe2+	  cations.	  	  
Further	  complicating	  the	  spin	  structure	  of	  magnetite,	  the	  magnetic	  moments	  of	  the	  ferrous	  
(Fe2+)	  and	  ferric	  (Fe3+)	  cations	  in	  each	  unit	  cell	  are	  aligned	  in	  an	  antiparallel	  configuration	  in	  
the	  manner	  depicted,	  below:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝐹𝑒!!(↑)𝐹𝑒!!(↓)𝐹𝑒!!(↑)	  
	  
Since	  the	  magnetic	  behaviour	  of	  the	  opposed	  spins	  of	  the	  two	  high-­‐spin	  d5	  ferric	  ions,	  Fe3+,	  
cancel,	   only	   the	   high	   spin	   d6	   ferrous,	   Fe2+,	   ions	   contribute	   to	   the	   net	   magnetism	   of	  
magnetite,	  with	  no	  contribution	  from	  the	  diamagnetic	  oxide	  ions	  [27].	  	  
Metallic	   platinum	   (Pt0),	   which	   is	   weakly	   paramagnetic,	   can	   form	   alloys	  with	  metallic	   iron	  
(Fe0),	   and	   in	   this	  mixture	   the	   Pt0	   can	   contribute	   to	   the	  overall	  magnetism	  when	   the	   FePt	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alloy	   crystalises	   in	   the	  L10	   structure	   (see	   section	  2.3.4).	   	   The	  progressive	   formation	  of	   the	  
magnetic	   phase	   can	   be	   described	   as	   follows:	  When	   Fe	   and	   Pt	   are	   alloyed	   in	   equiatomic	  
amounts,	  the	  atoms	  can	  stack	  in	  random	  layers	  of	  Fe	  and	  Pt	  to	  form	  a	  chemically	  disordered	  
pseudo-­‐cubic	  structure	  which	  is	  magnetically	  “soft”,	  or	  it	  can	  form	  ordered	  layers	  of	  Fe	  and	  
Pt	   in	   a	   tetragonal	   structure	   (see	  Chapter	  2	   for	   a	  detailed	  discussion	  of	   face-­‐centred	   cubic	  
and	   tetragonal	   systems),	   which	   is	   magnetically	   “hard”.	   	   These	   two	   systems	   are	   depicted	  
below	  in	  Figure	  1.5.	  
	  
	  
	  
Figure	  1.5:	  Unit	  cells	  of	  (a)	  chemically	  disordered,	  pseudo-­‐cubic,	  magnetically	  soft	  FePt	  and	  
(b)	  chemically	  ordered	  face-­‐centred	  tetragonal,	  magnetically	  hard	  FePt.	  	  Figure	  1.5	  (a)	  taken	  
from	  [29].	  
	  
Figure	   1.5	   above,	   depicts	   two	   possible	   crystalline	   phases	   of	   FePt;	   magnetically	   soft	   and	  
magnetically	   hard.	   Depending	   on	   the	   synthetic	   procedure,	   the	   final	   FePt	   product	   can	  
	  	  	  	  	  (a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
	  	  	  	  	  	  	  	  	  Magnetically	  “soft”	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Magnetically	  “hard”	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contain	   differing	   proportions	   of	   these	   two	   alloys,	   allowing	   great	   control	   over	   the	   desired	  
magnetic	  properties	  of	  this	  material.	   	  The	  energy	  required	  to	  reverse	  the	  alignment	  of	  the	  
magnetic	   moments	   in	   a	   crystal	   of	   chemically	   ordered	   FePt,	   known	   as	   the	   anisotropy	  
constant,	   K,	   is	   one	   of	   the	   largest	   for	   any	   known	   magnetic	   material,	   and	   can	   reach	  
magnitudes	  of	  107	  J	  m-­‐3	  [29].	  	  The	  intrinsically	  large	  value	  of	  K	  for	  FePt	  originates	  from	  spin-­‐
orbit	   coupling	   within	   individual	   atoms	   and	   orbital	   overlap	   (hybridisation	   interactions)	  
between	  Fe	  3d	  and	  Pt	  5d	  valence	  states,	  as	  depicted	  in	  Figure	  1.6	  below.	  	  
	  
Figure	  1.6:	  Hybridisation	  of	  Fe	  3d	  and	  Pt	  5d	  orbitals	  during	  alloy	  formation.	  
	  
The	   spin-­‐orbit	   coupling	   described	   by	   Figure	   1.6	   also	   renders	   the	   FePt	   alloy	   much	   more	  
chemically	  stable	  than	  other	  alloys	  of	  Fe.	   	  The	   intrinsically	  high	  magnetic	  anisotropy	  (K)	  of	  
the	   fct	   phase	   of	   FePt	   has	   made	   it	   the	   subject	   of	   intense	   research	   by	   the	   data	   storage	  
community,	   since	  a	   large	  K	  allows	  a	  magnetic	  particle	   to	   store	  a	  bit	   of	   information	   in	   the	  
direction	   of	   the	   magnetisation.	   	   The	   medical	   community	   are	   also	   interested	   because	   a	  
material	  with	  a	  large	  K	  can	  dissipate	  a	  large	  amount	  of	  power	  in	  an	  oscillating	  magnetic	  field	  
for	  use	  in	  hyperthermia	  (see	  Chapters	  4	  and	  5).	  	  
Free	   Pt	   atoms,	   have	   the	   electronic	   configuration	   [Xe]	   4f14	   5d9	   6s1,	   with	   only	   2	   un-­‐paired	  
electrons	  in	  the	  outer	  shell,	  and	  as	  such	  are	  paramagnetic.	  	  However,	  when	  alloyed	  with	  Fe,	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neighbouring	  Fe	  atoms	   induce	  stronger	  magnetic	  moments	  at	   the	  Pt	   sites	   in	   the	  unit	   cell,	  
which	   stabilise	   ferromagnetic	   ordering	   of	   the	   overall	   system	   [30].	   	   Alloying	   magnetic	  
elements	  such	  as	  Fe	  (and	  Co,	  see	  next	  section)	  with	  Pt	   is	  favourable	  since	  it	   is	  known	  that	  
combining	  magnetic	  layers	  (such	  as	  Fe)	  with	  readily	  polarisable	  layers	  having	  large	  spin-­‐orbit	  
coupling	  (such	  as	  Pt),	  can	  create	  large	  perpendicular	  anisotropies.	  	  The	  location	  of	  Pt	  in	  the	  
Periodic	  Table,	  below	  Ni,	   renders	   it	   is	  easily	  polarisable	  when	  placed	   in	  close	  proximity	   to	  
magnetic	  layers	  of	  Fe	  (or	  Co)	  [31].	  	  Calculations	  have	  shown	  that	  the	  alternating	  layers	  of	  Fe	  
in	   FePt	   have	   competing	   contributions	   from	   ferromagnetism	   and	   antiferromagnetism,	   but	  
the	   polarisability	   of	   Pt	   stabilises	   these	   in	   the	   direction	   of	   ferromagnetism	   [32]	   after	  
sufficient	  L10	  ordering	  has	  occurred.	  	  	  
The	  magnetism	  of	   Pt	  when	   incorporated	   in	   transition	  metal	   alloys	   can	  be	   thought	  of	   in	   a	  
similar	  way	  to	  the	  Heusler	  alloys,	  which	  are	  magnetic	  alloys	  that	  (in	  the	  case	  of	  Cu2MnAl	  and	  
Cu2MnSn)	  can	  have	  saturation	  magnetisations	  comparable	  to	  Ni,	  while	  being	  comprised	  of	  
elements	   which	   in	   themselves	   are	   not	   ferromagnetic.	   	   This	   is	   an	   example	   of	   how	   the	  
magnetic	  properties	  of	  a	  material	  are	  determined	  by	   the	  electronic	   structure	  of	   the	  alloy,	  
rather	  than	  the	  properties	  of	  the	  atoms	  themselves.	  
In	   addition	   to	   iron,	   cobalt	   is	   another	  widely	  utilised	  magnetic	  element,	  with	  an	  electronic	  
configuration	  described	  below	  in	  Figure	  1.7.	  
	  
Figure	  1.7:	  	  Electronic	  configuration	  for	  zero-­‐valent	  Co	  atoms	  (in	  a	  symmetrical	  crystal	  field),	  
showing	  three	  un-­‐paired	  electrons	  contributing	  to	  its	  paramagnetism.	  
Co0	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Comparison	   of	   Figure	   1.8	   with	   Figure	   1.5-­‐(a)	   highlights	   the	   similarities	   in	   electronic	  
configuration	  between	  metallic	  iron	  and	  cobalt.	  	  Alloys	  of	  Co	  with	  other	  elements,	  such	  as	  Pt	  
and	   Fe	   are	   prevalent	   in	   the	   literature	   [21,	   33-­‐36],	   due	   to	   the	   inherently	   large	   magnetic	  
coercivity,	  saturation,	  remanence	  and	  anisotropy	  that	  can	  result	  from	  properly	  constructed	  
binary	  and	  ternary	  alloys	  synthesised	  from	  these	  elements.	  	  Kovacs	  et	  al	  [34]	  demonstrated	  
the	  formation	  of	  tetragonal	  L10	  CoFePt	  nanoparticles	  of	  stoichiometry	  (Co0.2Fe0.8)0.5Pt0.5	  by	  
RF	  sputtering	  followed	  by	  annealing	  at	  temperatures	  of	  344	  –	  500	  °C,	  while	  Chen	  et	  al	  [37]	  
chemically	  synthesised	  CoxFeyPt1-­‐x-­‐y	  ternary	  alloy	  nanoparticles	  followed	  by	  annealing	  at	  550	  
°C	  to	  700	  °C	  to	  achieve	  conversion	  to	  the	  L10	  phase.	   	   In	  the	  present	  study,	  on	  the	  basis	  of	  
previous	   efforts	   in	   our	   group,	   the	   stoichiometry	  was	   chosen	   to	   be	   (Co0.8Fe0.2)0.5Pt0.5	   since	  
this	  ratio	  was	  found	  (by	  previous	  research	  in	  our	  group,	  unpublished)	  to	  give	  a	  shift	  in	  the	  2θ	  
values	  in	  the	  x-­‐ray	  diffractogram,	  away	  from	  typical	  L10	  values	  for	  CoPt	  and	  FePt,	  indicating	  
that	  a	  solid	  solution	  of	  Co,	  Fe	  and	  Pt	  had	  formed,	  which	  would	  warrant	  further	  investigation,	  
as	  detailed	  in	  Chapter	  3.	  	  	  
1.5	   	  Magnetic	  Anisotropy	  
	  
As	   the	   size	   of	   a	  material	   is	   reduced	   from	   the	   bulk	   scale	   to	   the	   nano	   scale,	   so	   too	   is	   the	  
coordination	   of	   the	   atoms	   in	   the	  material	   since	   it	   is	   largely	   comprised	   of	   surface	   atoms.	  
Where-­‐as	   most	   of	   the	   outer-­‐shell	   electrons	   in	   the	   bulk	   state	   are	   occupied	   in	   bonding	  
interactions	  where	  the	  Pauli	  principle	  requires	  the	  pairing	  of	  opposite	  spins	  (cancelling	  the	  
magnetic	   moment),	   nanomaterials,	   with	   their	   larger	   proportion	   of	   surface	   atoms,	   have	  
more	  electrons	  available	  to	  give	  rise	  to	  magnetism	  [38].	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When	   the	   diameter	   of	   a	   nanoparticle	   is	   reduced	   to	   a	   critical	   material-­‐specific	   scale,	   the	  
energy	  cost	   from	  domain	  wall	   creation	  outweighs	   the	   saving	   in	  demagnetising	  energy.	   	   In	  
this	  regime,	  the	  magnetisation	  can	  lie	  parallel	  or	  anti	  parallel	  to	  what	  is	  known	  as	  the	  ‘easy	  
axis	   of	   magnetisation’.	   	   Changing	   the	   direction	   of	   the	   magnetisation	   requires	   energy	   in	  
excess	  of	  the	  anisotropy	  energy	  barrier,	  which	  is	  given	  by:	  	  
	  
E	  =	  KV	  sin2	  θ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.9	  
	  
Where	  E	  is	  the	  energy	  density	  of	  the	  system,	  K	  is	  the	  anisotropy	  of	  the	  system	  and	  V	  is	  the	  
volume	  of	  the	  system	  and	  θ	  is	  the	  angle	  of	  magnetisation	  relative	  to	  the	  easy	  axis.	  This	  can	  
be	  represented	  graphically	  as	  depicted	  in	  Figure	  1.8:	  
	  
Figure	  1.8:	  	  Magnetic	  ‘easy	  axis’	  representation,	  taken	  from	  [39].	  	  	  
	  
The	  anisotropy	  energy	  barrier,	  ΔEB	  =	  KV	  is	  a	  property	  that	  depends	  not	  only	  on	  the	  volume	  
of	  the	  nanoparticle,	  but	  also	  on	  the	  composition	  of	  the	  material.	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If	   ΔEB	   is	   significantly	   large,	   for	   example	   larger	   than	   the	   thermal	   energy,	   kBT	   (where	   kB	   is	  
Boltzmann’s	   constant,	   and	  T	   is	   the	  absolute	   temperature)	   then	   the	   single	  domain	  particle	  
will	   be	   ferromagnetic,	   and	   the	   amount	   of	   power	   dissipated	   from	   each	   magnetisation-­‐
demagnetisation	  cycle	  will	  be	  proportional	  to	  the	  area	  under	  the	  hysteresis	  plot	  [40].	  	  	  
	  
The	   energy	   barrier,	   KV,	   between	   the	   different	   magnetisation	   states	   in	   Figure	   1.8	   can	   be	  
overcome	  by	  either	  an	  external	  magnetic	  field,	  of	  by	  the	  thermal	  energy,	  kBT.	  	  From	  Figure	  
1.8,	  it	  is	  clear	  the	  magnitude	  of	  the	  energy	  barrier	  depends	  strongly	  on	  the	  particle	  volume,	  
V,	  thus	  decreasing	  the	  particle	  size	  yields	  what	  is	  termed	  superparamagnetic	  behaviour,	  i.e.	  
the	  magnetisation	  may	  relax	  during	  observation.	   	  Here,	  the	  thermal	  energy,	  kBT,	   is	  greater	  
than	   the	   anisotropy	   energy,	   KV,	   and	   suffices	   to	   fluctuate	   the	  magnetisation	   between	   the	  
two	   easy	   axes,	   as	   was	   pointed	   out	   by	   Néel	   [41],	   and	   in	   this	   case	   the	   material	   is	  
superparamagnetic,	  flipping	  between	  magnetisation	  states.	  	  
	  
1.6	  	  	  	   Magnetic	  Domains	  
	  
Bulk-­‐scale	  magnets	   (consisting	   of	   1023-­‐1026	   atoms)	   consist	   of	  multiple	  magnetic	   domains,	  
oriented	  in	  opposing	  directions,	  which	  average	  to	  yield	  a	  zero	  net-­‐magnetic	  field.	   	  Domain	  
walls	  are	   spontaneously	  created	   in	  a	  magnetic	  material	   in	  order	   to	  minimise	   its	  magneto-­‐
static	  energy,	  such	  as	  that	  previously	  described	  in	  Figure	  1.2.	  
The	  widths	  of	  domain	  walls	  are	  material-­‐specific,	  but	  are	  generally	  of	   the	  order	  of	   tens	  of	  
nanometers	   or	   less.	   	   Thus,	   if	   the	   diameter	   of	   a	   nanoparticle	   is	   smaller	   than	   that	   of	   the	  
domain	   wall,	   then	   the	   particle	   will	   consist	   of	   a	   single	   magnetic	   domain,	   with	   flux	   lines	  
outside	  the	  nanoparticle.	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In	  the	  case	  of	  a	  multi-­‐domain	  magnetic	  particle,	  the	  application	  of	  an	  AC	  magnetic	  field	  will	  
generate	   energy	   losses	   by	   domain	   wall	   motion,	   as	   well	   as	   eddy	   current	   heating	   of	   the	  
electrically	  conducting	  material.	  	  Magnetic	  nanoparticles,	  however,	  are	  usually	  so	  small	  that	  
they	  only	  contain	  a	  single	  domain,	  as	  illustrated	  in	  Figure	  1.9,	  and	  as	  such	  exhibit	  different	  
magnetic	  responses	   in	  AC	  magnetic	  fields.	   	  These	  responses	  are	  discussed	   in	  the	  following	  
sections.	  	  	  
	  
Figure	   1.9:	   Schematic	   representation	   of	   the	   relationship	   between	   size,	   coercivity	   and	  
magnetic	  domains	  of	  magnetic	  nanoparticles.	  Image	  taken	  from	  [3].	  
It	  will	  be	  noted	  from	  Figure	  1.9	  that	  there	  exists	  a	  critical	  nanoparticle	  radius,	  below	  which	  
the	  nanoparticles	  possess	  zero	  coercivity.	  	  For	  hard	  magnetic	  materials,	  with	  high	  magnetic	  
anisotropy,	  such	  as	  the	  tetragonal	  phases	  of	  FePt	  and	  CoPt,	  the	  critical	  radii	  are	  about	  3-­‐4	  
nm,	  whilst	  for	  soft	  magnetic	  materials	  it	  is	  in	  the	  order	  of	  ca.	  20	  nm	  [42].	  	  
	  
1.7	   Heating	  of	  Magnetic	  Nanoparticles	  in	  Radio	  Frequency	  (RF)	  Alternating	  
Current	  (AC)	  Magnetic	  Fields	  
	  
When	  an	  AC	  magnetic	  field	  is	  imposed	  on	  a	  superparamagnetic	  nanoparticle	  consisting	  of	  a	  
single	  domain,	  power	  dissipation	  occurs	  as	  a	  result	  of	  its	  Nèel	  relaxation	  time,	  τN.	  	  This	  Nèel	  
relaxation	   time	   can	   be	   considered	   as	   the	   lag	   between	   the	   orientation	   of	   the	   magnetic	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moment	  of	   the	  nanoparticle	   as	   it	   crosses	  over	   the	  energy	  barrier	  between	  magnetic	  easy	  
axes,	  and	  the	  direction	  of	  the	  applied	  magnetic	  field,	  and	  typically	  has	  a	  value	  of	  10-­‐9-­‐10-­‐10	  
seconds.	   	   The	   mechanism	   is	   known	   experimentally	   to	   depend	   on	   the	   nanoparticle’s	  
magneto-­‐crystalline	  anisotropy,	  temperature,	  magnetostriction	  and	  elasticity	  constant.	  	  
	  
In	   addition	   to	   the	  Nèel	   power	  dissipation	  mechanism	  described	   above,	   nanoparticles	   in	   a	  
viscous	   medium	   (e.g.	   water,	   or	   blood)	   can	   dissipate	   energy	   via	   viscoelastic	   interactions	  
between	  the	  nanoparticle	  surface	  and	  the	  surrounding	  media.	   	  Here,	  the	  Brown	  relaxation	  
time,	   τB	   is	   dependant	   on	   the	   rotational	  mobility	   of	   the	   dispersed	  magnetic	   nanoparticles.	  	  
The	   Brown	   relaxation	   time	   can	   be	   considered	   as	   the	   lag	   between	   the	   orientation	   of	   the	  
nanoparticle	  and	  the	  direction	  of	  the	  magnetic	  field.	  Debye’s	  model	  for	  polar	  molecules	  in	  
an	  electric	  field	  is	  equally	  applicable.	  	  The	  energy	  dissipation,	  depending	  on	  τB,	  is	  dependant	  
on	  the	  viscosity	  of	  the	  surrounding	  medium,	  the	  hydrodynamic	  diameter	  of	  the	  particle,	  and	  
the	  temperature	  of	  the	  system.	  	  	  	  
The	  total	  power	  dissipation	  response	  of	  a	  system	  of	  magnetic	  nanoparticles	  exposed	  to	  an	  
AC	  magnetic	  field	  will	  be	  composed	  of	  both	  Nèel	  and	  Brown	  contributions.	  
In	  the	  superparamagnetic	  state,	  energy	  dissipation	  occurs	  via	  relaxation	  phenomena	  with	  
both	  Néel	  and	  Brown	  relaxation	  being	  observed.	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1.7.1	   	   Néel	  Relaxation	  
	  
Superparamagnetic	   nanoparticles,	   consisting	   of	   a	   single	   magnetic	   domain,	   can	   be	  
considered	   to	   be	   individual	  magnetic	   dipoles.	   In	   an	  AC	  magnetic	   field,	   of	   sufficiently	   high	  
frequency	   (i.e	   kHz-­‐MHz),	   only	   a	   rotation	  of	   the	  whole	   crystal	  magnetisation	   vector	  of	   the	  
particle	   is	   possible.	   	   In	   this	   case,	   the	   forces	   required	   for	   this	   internal	   alignment	   of	   the	  
particles’	  magnetisation	  with	  the	  external	  field	  is	  dependent	  on	  the	  anisotropy	  energy,	  size	  
and	  shape	  of	   the	  nanoparticle,	  where	  the	  energy	  barrier	  between	  different	  magnetisation	  
states	  can	  be	  overcome	  be	  either	  an	  external	  magnetic	  field,	  or	  by	  the	  thermal	  energy,	  kBT.	  	  
As	   the	   magnitude	   of	   the	   energy	   barrier	   depends	   on	   the	   volume	   of	   the	   nanoparticle,	   V,	  
decreasing	   the	  size	  yields	  superparamagnetic	  behaviour.	   	  As	  a	   result,	   in	   the	  regime	  of	   the	  
transition	   to	   superparamagnetic	   behaviour,	   the	   loss	   energy	   per	   cycle	   derived	   from	  
hysteresis	   loops	  becomes	  smaller	  than	  that	  measured	  calorimetrically	   [43].	   	  The	  extra	   loss	  
energy	   arises	   via	   the	  Néel	   relaxation	  mechanism,	  whereby	   the	  particle	  magnetic	  moment	  
lags	  behind	  the	  applied	  magnetic	  field	  by	  one	  Néel	  time	  constant,	  τ!,	  which	  can	  be	  defined	  
as:	  	  
	  
	   	   	   	   	   	  τ! =    τ!e( !"!!!)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.10	  
	  
Where	  τN	  is	  the	  Néel	  relaxation	  time,	  τ0	  is	  the	  ‘attempt	  time’,	  or	  the	  time	  during	  which	  the	  
magnetic	   moment	   has	   sufficient	   energy	   to	   cross	   the	   anisotropy	   barrier	   between	  
magnetisation	  states,	  and	  has	  a	  value	  of	  approximately	  10-­‐9	  seconds,	  K	  corresponds	  to	  the	  
anisotropy	  of	  the	  material	  of	  volume	  V,	  at	  temperature	  T	  (K)	  and	  k	  is	  Boltzmann’s	  constant.	  	  
The	   power	   output	   of	   a	   single	   domain	   nanoparticle	   population	   in	   an	   AC	  magnetic	   field	   is	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greatest	  when	  the	   frequency	  of	   the	  applied	   field	   is	  equal	   to	  τ!.	   	  However,	   this	   is	  often	  at	  
frequencies	  higher	  than	  1MHz;	  a	  prohibitively	  high	  frequency	  for	  clinical	  applications.	  
	  
1.7.2	   	  Brown	  Relaxation	  
	  
Brown	   relaxation	   generates	   heat	   by	   means	   of	   viscous	   interactions	   with	   the	   surrounding	  
media.	  	  When	  the	  anisotropy	  barrier	  is	  high	  enough	  to	  lock	  the	  magnetisation	  vector	  in	  the	  
local	   energy	   minimum	   of	   Equation	   1.9,	   the	   particle	   itself	   can	   rotate	   and	   align	   with	   the	  
applied	   field	   if	   the	   viscosity	  of	   the	  medium,	  and	   frequency	  of	   the	  AC	   field	  are	   sufficiently	  
low.	  	  Here	  the	  relaxation	  time,	  τ!,	  is	  expressed	  as:	  
	  
	   	   	   	   	   τ!   =   3ηV/k!T	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.11
	   	   	  
Where	  η	  is	  the	  viscosity	  of	  the	  surrounding	  medium,	  V	  is	  the	  hydrodynamic	  volume	  of	  the	  
particle,	  kB	  is	  Boltzman’s	  constant	  and	  T	  is	  the	  absolute	  temperature.	  
	  
1.8	   Stoner-­‐Wohlfarth	  Model	  of	  Ferromagnetism	  	  
	  
The	   Stoner-­‐Wohlfarth	   model	   [44]	   describes	   the	   magnetisation	   of	   single-­‐domain	  
ferromagnetic	  nanoparticles	  consisting	  of	  a	  single	  magnetic	  easy	  axis	  (see	  Figure	  1.8).	  	  It	  has	  
had	  numerous	  extensions	   to	  apply	   the	  model	   to	  particles	  exhibiting	  magnetic	  phenomena	  
outside	   of	   the	   original	   model,	   most	   notably	   by	   Pfeiffer,	   who	   extended	   it	   to	   cover	  
superparamagnetic	  nanoparticles	  [45].	   	  The	  original	  Stoner-­‐Wohlfarth	  model	  describes	  the	  
alignment	  of	   the	  magnetic	  moment	  of	  an	  ellipsoidal	  single	  domain	  magnetic	  nanoparticle,	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with	  the	  orientation	  of	  the	  magnetic	  easy	  axis	  at	  angle,	  θ,	  to	  the	  applied	  external	  field.	   	   In	  
this	   regime,	   the	  magnetic	   coercivity,	  𝐻! ,	   of	   the	   particle	   is	   equal	   to	   twice	   the	   anisotropy	  
energy,	  𝐾!.	  	  This	  is	  shown	  below	  in	  Figure	  1.10.	  	  	  	  	  	  
	  
Figure	  1.10:	  	  Schematic	  representation	  of	  the	  magnetisation,	  M,	  of	  a	  magnetic	  nanoparticle	  
with	  easy	  axis	  of	  magnetisation,	  Ku,	  oriented	  at	  angle,	  θ,	   to	   the	  applied	  magnetic	   field,	  H,	  
demonstrating	  Stoner-­‐Wohlfarth	  behaviour.	  	  
	  
Nanoparticles	   that	   demonstrate	   Stoner-­‐Walfarth	   (SW)	   behaviour	   are	   those	   which	   are	  
magnetically	  saturated	  by	  fields	  𝐻,	  and	  have	  coercivity	  𝐻! 	  as	  large	  as	  possible	  but	  less	  than	  𝐻.	  	  In	  the	  ferromagnetic	  regime,	  SW-­‐type	  particles	  give	  the	  highest	  SAR	  (Specific	  Absorption	  
Rate,	   see	   Chapter	   5),	   which	   is	   desirable	   for	   hyperthermia	   applications.	   	   Since	   the	   field	  
amplitudes	   used	   in	   clinical	   hyperthermia	   are	   inherently	   weak,	   the	   SW	   regime	   is	   only	  
satisfied	  by	   soft	   ferromagnetic	   nanoparticles	   or	   superparamagnetic	   nanoparticles	   close	   to	  
the	   ferromagnetic	   transition.	   	   In	   the	   case	   of	   the	   transition	  metal	   –	   Pt	   alloy	   nanoparticles	  
considered	   in	   this	   thesis,	   the	  SW	  criteria	  are	  met	  by	   face	  centered	  cubic	   (fcc)	   rather	   than	  
face	  centered	  tetragonal	   (fct)	  crystallographic	  phases.	   	  Thus	  there	  are	  three	  pre-­‐requisites	  
for	  maximum	  power	  output	   for	  magnetic	  nanoparticles	  designed	   for	  use	   in	  hyperthermia:	  
[46]	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i) The	  particles	  must	  consist	  of	  a	  single	  magnetic	  domain	  (multi-­‐domain	  magnetic	  
particles	   generate	  heat	   through	   the	  motion	  of	   domain	  walls,	   however	   this	   is	   a	  
less	  efficient	  process	  [47]).	  	  	  
ii) The	  particles	  must	  have	  low	  coercive	  field	  strengths,	  such	  that	  moderate	  applied	  
field	  amplitudes	   (H	  small	  enough	  that	  Hf	  <	  4.85	  x	  108	  A/m.s)	  will	   saturate	  their	  
magnetisation.	  
iii) The	  particles	  should	  be	  well	  dispersed	  such	  that	  dipole	  interactions	  do	  not	  overly	  
influence	  their	  magnetic	  properties.	  
	  
These	   three	   criteria	   motivated	   the	   selection	   for	   the	   nanoalloys	   employed	   in	   micro-­‐
calorimeter	  studies	  in	  Chapters	  4	  and	  5.	  
	  
1.9	   Hyperthermia	  as	  a	  Cancer	  Therapy	  
	  
After	   the	   pioneering	  work	   of	  Gilchrist’s	   in	   the	   1950’s,	   studies	   on	  magnetic	   induction	   as	   a	  
hyperthermia	  technique	  continued	  [48-­‐50]	  and	  included	  the	  use	  of	  1	  –	  2	  mm	  ferromagnetic	  
implants	  by	  Stauffer	  et	  al.	  [51-­‐52].	  	  As	  previously	  mentioned,	  Jordan	  [6]	  undertook	  the	  first	  
systematic	   study	   of	   the	   power	   output	   of	   a	   range	   of	   iron	   oxide	   particles	   within	   clinically-­‐
tolerable	   applied	   AC	   field	   frequencies	   and	   amplitudes.	   	   Here	   it	   was	   found	   that	   single	  
magnetic	  domain	  iron	  oxide	  particles	  produced	  significantly	  higher	  specific	  absorption	  rates	  
than	  their	  multi-­‐domain	  counterparts,	  since	  the	  former	  rely	  on	  Néel	  and	  Brown	  relaxation,	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while	  the	  latter	  rely	  on	  hysteretic	  heating	  from	  domain	  wall	  motion,	  which	  is	  a	  less	  efficient	  
process	  [47].	  	  	  
Single	  domain,	  superparamagnetic,	   iron	  oxide	  particles,	  were	  then	  applied	  by	  this	  group	  in	  
animal	  studies	  on	  rat	  malignant	  glioma	  [53],	  as	  well	  as	  by	  others	  [54-­‐61].	  
Hyperthermia	   studies	  have	  numerous	  parameters	   that	   affect	   the	   induced	  heating	   such	  as	  
the	  nanomaterial’s	  size,	  chemical	  composition,	  crystal	  structure,	  and	  concentration,	  as	  well	  
as	   the	  magnetic	   field	   parameters	   and	   the	  heat	   capacity	   of	   the	   surrounding	  medium.	   	   For	  
example,	  Hilger	  et	  al.	  [54]	  found	  that	  the	  observed	  heating	  varied	  as	  the	  cube	  of	  the	  applied	  
magnetic	   field	   for	   ferromagnetic	   particles,	   while	   for	   superparamagnetic	   particles	   the	  
response	   is	   squared.	   	   As	   such,	   a	   common	   method	   of	   expressing	   the	   amount	   of	   energy	  
dissipated	  as	  heat	  is	  known	  as	  the	  specific	  absorption	  rate,	  or	  SAR	  of	  a	  material.	  	  The	  SAR	  of	  
a	  material	  is	  the	  amount	  of	  power	  per	  unit	  time	  and	  unit	  mass	  that	  is	  dissipated,	  measured	  
in	  J	  s-­‐1	  g-­‐1,	  and	  is	  most	  often	  calculated	  from	  the	  initial	  slope	  of	  the	  temperature	  versus	  time	  
plot	  multiplied	  by	  the	  specific	  heat	  of	  the	  particle-­‐medium	  mixture:	  
SAR = C Δ!
Δ! ∗   m!"	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  1.12	  
Where	  C	  is	  the	  combined	  specific	  heat	  of	  the	  magnetic	  material	  and	  the	  surrounding	  media,	  
ΔT	  is	  the	  change	  in	  temperature	  that	  occurs	  over	  time	  period	  Δt	  and	  mnp	  is	  the	  mass	  fraction	  
of	  the	  magnetic	  material	  in	  the	  total	  sample.	  	  	  
A	  critical	  difficulty	  has	  arisen,	  however,	  which	   is	   the	  accurate	  homogenous	  heating	  of	   the	  
desired	   area;	   different	   cell	   types	   have	   different	   heat	   sensitivities,	   and	   different	   locations	  
within	  the	  body	  will	  be	  more	  efficiently	  cooled	  by	  blood	  flow	  than	  others.	  This	  has	  been	  well	  
discussed	  in	  terms	  of	  the	  biological	  aspects	  [62-­‐63]	  and	  computational	  modelling	  of	  the	  heat	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bio-­‐flow	  equation	   [64].	   	   This	  has	   signalled	   the	  need	   for	   accurately	  delivering	  not	  only	   the	  
correct	   dose	   of	   nanoparticles	   to	   the	   desired	   area,	   but	   also	   fine-­‐tuning	   of	   the	   intrinsic	  
magnetic	  properties	  of	  the	  nanoparticles,	  and	  is	  the	  topic	  of	  the	  next	  section.	  
	  
1.10	  	   Nanoparticles	  for	  Magnetic	  Hyperthermia	  
	  
The	  majority	  of	  nanoparticles	  used	  for	  hyperthermia	  are	  synthesised	  from	  iron	  oxides	  (such	  
as	  magnetite:	   Fe3O4,	  maghemite:	   γ-­‐Fe2O3	   and	  wustite:	   FeO),	   and	   they	  have	  been	  used	  by	  
many	  others	  throughout	  the	  studies	  mentioned	  in	  the	  previous	  section.	  	  This	  is	  due	  to	  the	  
fact	   that	   iron	   is	   an	   essential	   element	   in	   human	   nutrition	   and	   has	   known	   metabolic	  
pathways,	  being	  catabolised	  into	  ionic	  forms	  of	  iron	  and	  stored	  as	  ferritin	  and	  hemosiderin	  
proteins	   from	   which	   it	   can	   be	   slowly	   excreted	   [65].	   However,	   it	   suffers	   from	   less	   than	  
optimal	  magnetic	   properties,	   sometimes	   resulting	   in	   the	   need	   for	   extreme	  magnetic	   field	  
conditions	  not	  suitable	  for	  human	  applications.	  	  It	  also	  has	  minimal	  scope	  for	  tuning	  of	  the	  
magnetic	   properties	   unlike	   other	   magnetic	   alloy	   materials	   that	   will	   be	   discussed	   in	   the	  
following	  sections.	  	  	  
Sharma	  et	  al.	  [66]	  have	  reviewed	  a	  portion	  of	  the	  literature	  incorporating	  other	  metals	  with	  
iron	   oxides	   such	   as	   zinc-­‐gadolinium-­‐ferrite,	   gold-­‐ferrite,	   gadolinium-­‐ferrite,	   lanthanum-­‐
ferrite,	   calcium	   and	   gadolinium-­‐manganese-­‐zinc-­‐ferrite	   and	   explored	   their	   scope	   for	  
hyperthermia.	  	  	  
Similarly,	   Pollert	   et	   al.	   [67],	   investigated	   cobalt-­‐ferrites	   of	   varying	   compositions,	   and	  
demonstrated	  control	  over	  the	  magnetic	  properties	  by	  changing	  the	  composition.	  	  They	  also	  
	  
	  
27	  
considered	   La1-­‐xSrxMnO3	   perovskites,	   of	   general	   formula	   ABX3	   where	   variation	   of	   the	   Sr	  
content	  between	  0.2	  ≤	  x	  ≤	  0.5	  allowed	  control	  of	  the	  Curie	  temperature	  in	  the	  range	  of	  47–
97	   °C,	   as	  well	   as	   SrFe12O19/γ-­‐Fe2O3	  whose	  magnetic	  properties	   could	  be	   controlled	  by	   the	  
ratio	  of	  the	  two	  magnetic	  phases.	  They	  also	  investigated	  the	  role	  the	  crystallite	  size	  played	  
in	  the	  coercivity	  and	  remanence,	  and	  the	  effect	  of	  Zn2+	  substitution	  in	  cobalt	  ferrites	  where	  
they	   were	   able	   to	   take	   the	   Curie	   temperature	   down	   from	   the	   bulk	   value	   of	   517	   °C	   to	  
between	   40-­‐60	   °C,	   thus	   allowing	   control	   over	   the	   maximum	   heat	   output	   (temperature	  
control	   switch),	   potentially	   preventing	  overheating	  of	   healthy	   tissue	  when	  used	   in	   clinical	  
practice.	  	  	  	  
Kuznetsov	   et	   al.	   [68]	   obtained	   analogous	   results	   for	   Ag+	   and	   Na+	   substituted	   perovskites	  
with	   Curie	   temperatures	   below	   52	   °C,	   a	   temperature	   appropriate	   for	   thermoablation	  
therapy.	   Finally,	   they	   explored	   multiphase	   nano-­‐materials	   of	   ferrimagnetic	   SrFe12O19/γ-­‐
Fe2O3	   composites,	  which,	  because	   the	   two	  materials	   share	   structural	   similarities	  but	  have	  
vastly	   different	   magnetocrystalline	   anisotropies,	   allows	   control	   over	   the	   shape	   of	   the	  
desired	  hysteresis	  loop	  by	  varying	  the	  ratio	  the	  two	  phases.	  	  
	  
Exchange-­‐spring	  magnetic	  nanoparticles	  are	  those	  which	  contain	  interspersed	  magnetically	  
soft	   and	   hard	   phases	   resulting	   in	   an	   increased	   energy	   product.	   	   Lee	   et	   al.	   [69]	   studied	  
exchange-­‐spring	   Co-­‐	   and	  Mn-­‐ferrites	   for	   hyperthermia	   applications	   and	   the	   IBM	   research	  
team	   [70]	   examined	   magnetically	   hard-­‐soft	   FePt-­‐FePt3	   thin	   films	   produced	   from	  
nanoparticle	  building	  blocks.	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Chemical	  vapour	  deposition	  (CVD)	  techniques	  have	  been	  utilised	  for	  the	  synthesis	  of	  ternary	  
alloys	  of	  CoFePt	   [71],	  however	   the	  Ag-­‐doped	  CoFePt	  alloys	  produced	   in	   this	   thesis	  exhibit	  
higher	  coervice	  strength,	  in	  agreement	  with	  the	  separate	  works	  of	  Kang	  and	  Kitakami	  et	  al.	  
outlining	  the	  increased	  degree	  of	  crystallisation	  resulting	  from	  the	  incorporation	  of	  dopant	  
phases.	  	  The	  microstructure	  of	  CoFePt	  was	  further	  explored	  in	  [36]	  and	  [34].	  
	  
Aqueous	   syntheses	   are	   often	   desired	  when	   the	   end	   product	   has	   a	   biological	   application,	  
since	   the	   in-­‐vivo	  environment	   requires	  hydrophilic	  particles.	   	   CoPt	   and	  FePt	  nanoparticles	  
synthesised	   in	   aqueous	   media	   have	   been	   reported	   [72]	   but	   the	   corresponding	  
magnetisation	  (SQUID)	  measurements	  showed	  the	  presence	  of	  an	  antiferromagnetic	  oxide	  
layer	   visible	   as	   a	   reduced	   coercivity.	   	  Oxide	   formation	   in	   aqueous	   syntheses	   is	   frequently	  
encountered,	  however	  this	   is	  dealt	  with	   in	  this	  thesis	  by	  ensuring	  excess	  reducing	  agent	   is	  
employed	  during	   the	   synthesis,	   and	  minimal	   contact	  with	   subsequent	  water	   is	   allowed	   in	  
the	  purification	  processes.	  	  
	  
Several	  groups	  exploring	  materials	  other	  than	  iron	  oxide	   include	  Lacroix	  et	  al.,	  who	  built	  a	  
sensitive	   calorimeter	   and	   studied	   the	   heating	   effects	   from	   dilute	   colloids	   of	   pure	   iron	  
particles	  [73]	  and	  FeCo	  [46],	  and	  found	  that	  the	  observed	  losses	  for	  FeCo	  were	  significantly	  
higher	  than	  for	  Fe	  alone.	  	  They	  also	  concluded	  that	  since	  the	  T(f)	  and	  T(H)	  functions	  have	  a	  
power	   law	   with	   exponents	   1.2	   and	   1.8	   respectively,	   that	   the	   heating	   was	   due	   to	   Néel	  
relaxation.	   	   Seehra	   used	   fcc	   FePt	   [74],	   based	   on	   theoretical	   findings	   from	   [75]	   who	  
concluded	   that	   for	   hyperthermia	   applications	   fcc	   FePt	   nanoparticles	   were	   superior	   to	  
magnetite,	   maghemite,	   iron-­‐cobalt	   and	   tetragonal	   L10	   FePt,	   and	   the	   latter	   has	   been	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exhaustively	   studied	   due	   to	   its	   exceedingly	   high	  magneto-­‐crystalline	   anisotropy	   (~7	   x	   106	  
MJ/m3)	  and	  great	  promise	  for	  ultra	  high	  density	  data	  storage.	  
	  
Cobalt	  is	  a	  widely	  used	  magnetic	  element	  e.g.	  [76-­‐83],	  however	  it	  is	  toxic	  to	  humans	  [84].	  	  In	  
addition,	   elemental	   Co	   readily	   oxidises,	   although	   alloying	   with	   Pt	   improves	   chemical	  
stability,	  lowers	  the	  toxicity,	  and	  increases	  the	  magneto-­‐crystalline	  anisotropy	  [20].	  
Alloying	  of	  magnetic	  materials	  also	  allows	  control	  of	  the	  magnetic	  properties.	  	  The	  L10	  FePt	  
binary	  alloy	  has	  an	  intrinsically	  high	  magnetic	  remanence,	  but	  low	  coercivity	  compared	  with	  
CoPt,	  and	  alloying	  of	  the	  two	  materials	  to	  produce	  a	  ternary	  alloy,	  CoFePt,	  yields	  materials	  
with	   both	   high	   coercivity	   and	   remanence,	   and	   allows	   a	   high	   level	   of	   control	   of	   the	   final	  
magnetic	  characteristics	  by	  varying	  the	  amounts	  of	  each	  substituent	  [85].	  
Transition	   metal	   -­‐	   Pt	   alloys	   such	   as	   CoPt	   and	   FePt	   are	   often	   desired	   due	   to	   their	   large	  
coercivity	  or	   remanence,	   respectively,	  which	   results	   from	   the	   L10	   crystal	   phase.	   	  However	  
the	  high	  annealing	  temperatures	  required	  to	  achieve	  this	  phase	  have	  many	  drawbacks	  such	  
as	  crystal	  growth	  and	  particle	  coalescence.	   	  Kitakami	  et	  al.	   [33]	   found	  that	  CoPt	  sputtered	  
films	  could	  have	  their	  phase	  transition	  temperature	  lowered	  by	  the	  addition	  of	  Sn,	  Pb,	  Sb	  or	  
Bi	  dopants,	  for	  example	  Sb	  lowered	  the	  temperature	  by	  200	  °C.	  	  Hussein	  demonstrated	  the	  
replication	   of	   this	   in	   nanoparticles	   [20]	   and	   produced	  materials	  with	   the	   largest	   reported	  
coercivity	   to	   date	   [21].	   	   Kang	   [86]	   lowered	   the	   phase	   transition	   temperature	   of	   FePt	  
nanoparticles	  from	  600	  °C	  to	  500	  °C	  by	  the	  addition	  of	  15	  at%	  Ag.	  
	  
	  
	  
	  
	  
	  
30	  
1.11	  	   Scope	  of	  the	  Work	  described	  in	  this	  Thesis	  
	  
The	  work	  described	   in	   this	   thesis	   utilises	   reverse	  phase	  micelle	   reactions	   to	   synthesise	   a	   series	   of	  
FePt	   and	   FeCoPt	   nanoalloys	   doped	   with	   silver.	   	   	   The	   “as	   synthesised”	   nanoalloys	   are	   then	   to	   be	  
annealed	  at	  elevated	  temperatures	  to	  induce	  crystallinity	  and	  promote	  the	  formation	  of	  phase-­‐pure	  
materials.	  
A	  detailed	  x-­‐ray	  diffraction	  study	  and	  SAED	  (Selected	  Area	  Electron	  Diffraction)	  examination	  of	  the	  
alloys	  will	  then	  be	  undertaken	  to	  determine	  the	  crystalline	  phases	  present.	  TEM	  and	  SEM	  will	  also	  be	  
used	  to	  determine	  the	  particle	  sizes	  and	  the	  uniformity	  of	  their	  distribution.	  	  	  Selected	  phases	  will	  be	  
studied	  using	  a	  SQUID	  (Superconducting	  Quantum	  Interference	  Device)	  to	  determine	  their	  magnetic	  
characteristics.	  
From	   the	   range	   of	   nanoalloys	   prepared,	   two	  will	   be	   selected	   for	  more	   detailed	  magneto-­‐thermal	  
studies	   on	   the	   basis	   of	   their	   physico-­‐chemical	   properties.	   	   	   In	   particular,	   a	   representative	  
superparamagnetic	  alloy	  will	  be	  chosen	  along	  with	  a	  weakly	  ferromagnetic	  material.	  
In	  order	  to	  obtain	  reliable	  measurements	  and	  valid	  data,	  the	  construction	  of	  a	  novel	  AC-­‐RF	  magneto-­‐
thermal	   calorimeter	  will	   be	   undertaken,	   and	   its	   calibration	  with	   a	   commercial	   superparamagnetic	  
magnetite	  sample	  described.	  	  	  
The	   microcalorimeter	   will	   then	   be	   used	   to	   evaluate	   the	   potential	   of	   the	   two	   previously	   selected	  
alloys	  for	  their	  suitability	  in	  hyperthermia	  applications	  in	  living	  systems.	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CHAPTER	  2	  	  
	  
MATERIALS	  AND	  METHODS	  
	  
	  
2.1	  	   Materials	  required	  for	  the	  synthesis	  of	  Iron-­‐Platinum	  (Binary	  Alloy)	  and	  
Cobalt	   Iron	   Platinum	   (Ternary	   Alloy)	   Nanoparticles	   with	   and	  without	  
Ag	  doping	  
	  
	  
The	   reagents	  used	   for	   the	  preparation	  of	   the	   iron-­‐platinum	  alloy	  nanoparticles	  and	  cobalt	  
iron	   platinum	   nanoparticles	   consisted	   of	   iron(III)	   chloride	   hexahydrate	   (99	   wt%,	   Sigma	  
Aldrich,	  USA),	  potassium	  tetrachloroplatinate(II)	  	  (99.99	  wt%,	  Sigma-­‐Aldrich,	  USA),	  cobalt(II)	  
chloride	   hexahydrate	   (99	  wt%,	   Sigma	  Aldrich,	  USA),	   silver	   nitrate	   (99	  wt%,	   Sigma	  Aldrich,	  
USA),	   sodium	   tetraborohydride,	   (>98%,	   Sigma	   Aldrich,	   USA)	   and	   sodium	   bis(2-­‐
ethylhexyl)sulfosuccinate,	   AOT	   (99	   wt%,	   Sigma-­‐	   Aldrich,	   USA),	   isooctane	   (99%,	   Merck,	  
Germany),	  ethanol	  (98%,	  Merck	  Pty	  Ltd.,	  Australia),	  doubly	  distilled	  water	  (Milli-­‐Q,	  Millipore,	  
USA)	  with	  18	  MΩ	  resistance	  and	  sodium	  hydroxide	  (97%,	  Sigma	  Aldrich,	  USA).	  All	  metal	  salts	  
were	   stored	   in	   a	   desiccator	   and	   all	   solvents	   and	   solutions	   were	   degassed	   by	   sonication	  
before	  being	  sparged	  with	  nitrogen	  gas.	  All	  glassware	  was	  cleaned	  prior	  to	  use	  with	  aqua-­‐
regia	  (1:3	  v/v	  hydrochloric	  acid:nitric	  acid)	  and	  thoroughly	  rinsed	  after	  cleaning	  with	  distilled	  
water.	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2.2	  	  	  	   Superparamagnetic	  Iron	  Oxide	  Nanoparticles	  (SPION)	  
The	   commercial	   superparamagnetic	   iron	   oxide	   (magnetite)	   nanoparticles	  were	   purchased	  
from	  SkySpring	  Nanomaterials	  and	  used	  as	  received,	  consisting	  of	  particles	  with	  diameters	  
of	  10	  –	  20	  nm,	  with	  a	  room	  temperature	  magnetic	  saturation	  of	  about	  40	  emu/g.	  	  
	  
2.3	  	   Materials	  required	  for	  re-­‐dispersion	  of	  Nanoparicles	  	   	  
For	   the	   re-­‐dispersion	   of	   the	   annealed	   nanoalloys	   (Chapter	   5)	   as	   well	   as	   the	   commercial	  
magnetite	   (Chapter	  4),	   sorbitan	   trioleate	   (SPAN85)	  was	  employed,	   since	   it	   is	  a	  biologically	  
benign,	   commercially	   available	   amphiphile,	  which	  was	   purchased	   from	   Sigma	  Aldrich	   and	  
used	  as	  received.	  	  	  
	  
	  
2.4	  	   Methodology	  for	  the	  synthesis	  of	  Nanoalloys	  
	  
Reverse	  micelles	  (RMs)	  are	  water-­‐in-­‐oil	  droplets	  stabilised	  by	  a	  monolayer	  of	  surfactant,	  in	  
this	  case	  sodium	  bis(2-­‐ethylhexyl)sulfosuccinate	  (commonly	  referred	  to	  as	  AOT).	  	  The	  size	  of	  
the	   water	   droplet	   can	   be	   varied	   between	   0.5	   to	   18	   nm	   [1],	   which,	   along	   with	   the	  
concentration	  of	  the	  metals	  salts	  that	  are	  incorporated	  into	  the	  RM,	  controls	  the	  size	  of	  the	  
resulting	   nanoparticles.	   	   Brownian	   motion	   of	   the	   water	   droplets	   leads	   to	   collisions	   with	  
neighbouring	  RMs,	  and	  allows	  for	  the	  exchange	  of	  contents	  between	  them.	  	  Hence,	  RMs	  act	  
as	   microreactors,	   and	   this	   property	   is	   utilized	   for	   the	   syntheses	   of	   nanoparticles,	   first	  
demonstrated	   by	   Pileni	   with	   metallic	   cobalt	   nanoparticles	   [2].	   	   Various	   others	   have	  
elaborated	  on	  this	  work	  (for	  example	  the	  review	  in	  reference	  [3]),	  in	  particular	  Hussein	  et	  al.	  
[4-­‐5]	  who	  studied	  the	  micelle-­‐based	  synthesis	  of	  CoPt	  nanoparticles,	  from	  which	  the	  present	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work	  follows.	  	  Annealing	  of	  the	  “as-­‐synthesised”	  nanoparticles,	  such	  as	  the	  binary	  (Fe50Pt50)	  
and	   ternary	   ((Co80Fe20)50Pt50))	   alloys	   studied	   here,	   allows	   the	   development	   of	   their	  
crystallinity	  and	  intrinsic	  magnetic	  properties.	  
	  
	  
	  
The	  method	   used	   to	   synthesise	   the	   FePt	   and	   CoFePt	   nanoalloy	   particles	  was	   based	   on	   a	  
modified	  version	  of	  that	  developed	  by	  Pileni	  [2]	  who	  micellised	  AOT	  in	  iso-­‐octane	  and	  water	  
to	   prepare	   micro-­‐reactors	   for	   the	   synthesis	   of	   cobalt	   nanoparticles.	   	   This	   process	   was	  
optimised	   by	   Hussein	   et	   al.	   [4]	   for	   the	   preparation	   of	   CoPt	   nanoparticles.	   In	   the	   present	  
work,	  metal	  salts	  were	  dissolved	   in	  water	   inside	  reverse	  micelles	   (RMs)	  to	  match	  the	  final	  
stoichiometry	  of	  the	  nanoalloy	  composition;	  for	  example,	  for	  equiatomic	  FePt	  nanoparticles,	  
equimolar	   concentrations	   of	   Fe	   and	   Pt	   salts	   were	   added,	   or	   for	   (Co80Fe20)50Pt50	  
nanoparticles,	   the	   mole	   ratio	   of	   metal	   salts	   added	   was	   Co:Fe:Pt	   =	   4:1:5.	   A	   schematic	  
diagram	  of	  the	  micelles	  is	  presented	  below	  in	  Figure	  2.1.	  
	  
	  
	  
Figure	  2.1:	  Schematic	  diagram	  of	  a	  reverse	  micelle.	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The	   composition	   of	   the	   final	   product,	   as	   determined	   by	   energy	   dispersive	   X-­‐ray	   analysis	  
(EDX),	   was	   compared	   to	   the	   stoichiometry	   of	   the	   reagents	   used	   and	   the	   results	   were	   in	  
reasonable	  agreement,	   indicating	  that	  minimal	  metal	  salts	  were	  left	  un-­‐reacted	  or	  washed	  
away	  and	  discarded	  during	   the	   synthesis	  procedure.	   	   Figure	  2.2	  depicts	   the	   interaction	  of	  
reverse	  micelle	  reactants	  to	  form	  nanoalloy	  particles.	  
	  
	  
	  
Figure	  2.2:	  Schematic	  diagram	  of	   the	  reaction	  of	   the	  micellar	  solutions	  where	   (a)	   reactant	  
micelles	  collide,	  and	  (b)	  fuse	  and	  react	  to	  yield	  zero-­‐valent	  metal	  clusters	  and	  (c)	  separate	  
with	  metal	  products	  in	  each	  micelle.	  
	  
The	  nanoparticles	  were	  then	  harvested	  as	  follows:	  to	  the	  400	  mL	  total	  volume	  of	  RMs	  in	  the	  
three	   neck	   flask,	   approximately	   50	   mL	   of	   an	   alkaline	   ethanol	   solution	   (pH	   9,	   NaOH,	  
ethanol:water	   3:2	   v/v)	  was	   added,	   and	   allowed	   to	   stir	   for	   5	  minutes	   under	   nitrogen.	   The	  
dilute	   alkali	   was	   chosen	   to	   prevent	   the	   Fe0	   in	   the	   highly	   reactive	   ‘as	   synthesised’	  
nanoparticles	   from	   forming	   soluble	   hydroxides	  which	  would	   deplete	   the	   product	   of	   iron,	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and	   the	  excess	  ethanol	  was	  employed	   to	  minimise	  any	  oxidation	   that	  would	  occur	  on	   the	  
nanoparticle	  surface.	  	  	  	  
	  
	  
The	  “breaking”	  of	  the	  micelles	  was	  evident	  as	  small	  black	  clusters	  of	  product	  formed	  around	  
the	  meniscus	  of	  the	  solution.	  	  This	  mixture	  was	  transferred	  to	  a	  separatory	  funnel	  (2	  L)	  and	  
shaken	  with	  another	  100	  mL	  of	  alkaline	  ethanol	  solution.	  	  The	  nanoparticle	  product	  resided	  
at	  the	  interface	  of	  the	  oil	  and	  water	  phases,	  appearing	  as	  a	  thin	  black	  layer	  between	  the	  two	  
clear	  by-­‐product	  solutions,	  which	  were	  each	  discarded.	  	  The	  product	  was	  then	  transferred	  to	  
a	   50	   mL	   centrifuge	   tube,	   filled	   to	   the	   mark	   with	   more	   alkaline	   ethanol	   solution,	   briefly	  
sonicated	   (~2	   mins)	   to	   encourage	   the	   reaction	   by-­‐products	   (AOT,	   iso-­‐octane,	   chlorides,	  
borates)	  to	  dissolve	  in	  the	  ethanol,	  and	  then	  separated	  by	  centrifugation	  at	  8,000	  rpm	  for	  5	  
minutes.	   	   The	   resulting	   black	   pellet	   of	   nanoparticles	   was	   retained,	   the	   supernatant	  
discarded,	   and	  a	   fresh	   alkaline	  ethanol	   solution	   added	   to	   complete	  one	   cycle	  of	  washing.	  	  
Typically	   3	   cycles	   of	   washing	   were	   undertaken,	   as	   more	   than	   this	   did	   not	   indicate	   any	  
further	  removal	  of	  by-­‐products.	  The	  number	  of	  washes	  was	  kept	  to	  a	  minimum	  to	  reduce	  
the	   opportunity	   for	   the	   nanoparticles	   to	   oxidise,	   as	   well	   as	   to	   minimise	   the	   leaching	   of	  
metals	  into	  the	  washing	  solution.	  	  The	  leaching	  was	  minimised	  by	  use	  of	  sodium	  hydroxide	  
to	  provide	  weakly	  alkaline	  conditions	  to	  prevent	  the	  formation	  of	  water-­‐soluble	  oxides.	  
	  
	  
The	   nanoparticle	   product	   was	   then	   transferred	   directly	   into	   a	   tube	   furnace	   to	   provide	  
controlled	  heat	  treatment	  in	  a	  “forming	  gas”	  (95%	  Ag,	  5	  %	  H2)	  atmosphere.	  The	  forming	  gas	  
prevents	   oxidation	   of	   the	   nanoparticles,	   and	   reduces	   any	   oxide	   that	   forms	   during	   the	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synthesis	   procedure,	   similar	   to	   Poudyal	   et	   al.	   who	   reduced	   CoFe2O4	   into	   Fe66.6Co33.3	   by	  
heating	   in	   forming	   gas	   at	   450	   °C	   for	   one	   hour	   [6].	   This	   annealing	   process	   allowed	  
subsequent	  chemical	  ordering	  of	  the	  nanoparticles	  followed	  by	  phase	  transformations.	  	  This	  
process	  can	  be	  summarised	  as	  per	  the	  flow	  diagram	  below	  in	  Figure	  2.3.	  
	  
	  
	  
	  
Figure	  2.3:	  Flow	  diagram	  for	  the	  synthesis	  of	  the	  metal	  alloy	  nanoparticles.	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For	   the	   silver-­‐doped	  nanoalloys,	   an	  extra	   step	   is	   inserted	   into	   the	  procedure,	   as	  depicted	  
below	  in	  Figure	  2.4.	  
	  
	  
Figure	  2.4:	  	  Flow	  diagram	  for	  the	  synthesis	  of	  Ag-­‐doped	  metal	  alloy	  nanoparticles.	  
	  
The	   nanoparticle	   samples	  were	   heat	   treated	   in	   a	   Ceramic	   Engineering	   tube	   furnace	   in	   an	  
atmosphere	  of	   5	  %	  hydrogen,	   95	  %	  argon	   (forming	  gas).	   	  Annealing	   temperatures	   ranged	  
from	  100	  °C	  to	  800	  °C.	  	  Ramping	  time	  varied	  from	  0.5	  to	  1.0	  hours	  depending	  on	  the	  desired	  
dwelling	  temperature,	  which	  was	  held	  for	  1.0	  hour,	  as	  detailed	  in	  Table	  2.1.	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Table	  2.1:	  Annealing	  conditions	  for	  the	  various	  temperatures.	  
Programmed	  
Temperature	  (°C)	  
Ramping	  Time	  (hours)	   Dwell	  Time	  (hours)	  
100	   0.5	   1	  
200	   0.5	   1	  
300	   0.5	   1	  
400	   0.5	   1	  
500	   0.7	   1	  
550	   0.7	   1	  
600	   1	   1	  
	  
	  
Heat	  treatment,	  “annealing”,	  of	  the	  nanoparticles	  in	  the	  tube	  furnace	  allowed	  control	  over	  
the	  phases	  present	  and	  degree	  of	  crystallinity	  of	  the	  nanoparticle	  alloys.	  	  The	  annealing	  was	  
performed	  by	  placing	  the	  nanoparticles	  in	  a	  quartz	  boat	  which	  was	  inserted	  into	  the	  middle	  
of	  the	  tube	  furnace.	  The	  forming	  gas	  (95%	  Ar,	  5%	  H2)	  was	  then	  allowed	  to	  flow	  through	  the	  
tube	   for	   10	  minutes	   prior	   to	   heating,	   to	   flush	   out	   any	   oxygen	   that	  might	   react	   with	   the	  
nanoparticles	  during	  the	  high	  temperatures	  involved	  in	  the	  annealing	  process.	  	  The	  furnace	  
digital	  control	  was	  then	  set	  to	  ramp	  to	  the	  desired	  temperature	  over	  a	  fixed	  period	  of	  time,	  
and	  then	  be	  maintained	  or	  “dwell”	  at	  this	  temperature	  for	  one	  hour.	  	  Table	  2.2	  provides	  the	  
details	   of	   typical	   annealing	   conditions.	   	   The	   nanoalloys	  were	  maintained	   under	   a	   flow	   of	  
forming	  gas	  as	  the	  furnace	  cooled	  to	  room	  temperature	  over	  a	  period	  of	  several	  hours,	  due	  
to	  its	  large	  thermal	  mass.	  
	  
The	  thermal	  mass	  of	  the	  furnace	  causes	  a	  small	  lag	  between	  the	  programmed	  and	  displayed	  
temperatures	  (green	  and	  red	  data	  points)	  and	  the	  temperature	  measured	  where	  the	  sample	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is	  positioned	  (blue	  data	  points).	   	  This	  difference	   is	  consistent	  throughout	  all	   the	  data	  sets,	  
and	   since	   the	   entire	   set	   of	   nanoalloys	   studied	   in	   this	   thesis	   have	   been	   prepared	   in	   this	  
furnace,	   and	   annealed	   according	   to	   Table	   2.2,	   the	  discrepancies	   are	  not	   believed	   to	  have	  
any	  significant	  influence	  on	  the	  results	  obtained.	  
	  
2.4.1	   	  	  Carbon	  Coating	  of	  Nanoalloys	  
 
Carbon	  coatings	  on	  nanoparticles	  are	  desirable	  as	  chemo-­‐protective	  shells	  for	  the	  magnetic	  
cores	   (especially	   to	  prevent	   surface	  oxidation	  of	   the	  material)	   and	  are	   also	   able	   to	   act	   as	  
platforms	   for	   surface	   chemistry,	   and	   can	   be	  made	   hydrophilic	   to	   enhance	   the	   use	   of	   the	  
nanoparticles	  in	  biological	  applications.	  	  	  
	  
The	  dioctylsulfosuccinate	  surfactant	  used	  in	  the	  microemulsion	  synthesis	  was	  found	  to	  form	  
a	  persistent	  layer	  around	  each	  nanoparticle,	  so	  much	  so,	  that	  even	  after	  exhaustive	  washing	  
cycles	   it	   was	   still	   present	   in	   levels	   as	   high	   as	   30	   %	   by	   mass	   (Figure	   2.16).	   	   During	   the	  
annealing	  process	  the	  surfactant	  decomposes	  in	  the	  reducing	  atmosphere	  to	  form	  a	  carbon	  
char,	   which	   at	   high	   enough	   annealing	   temperatures	   becomes	   graphitic	   [7].	   	   In	   order	   to	  
increase	   the	   amount	   of	   carbon	   graphite	   on	   the	   final	   nanoparticle	   product,	   the	   original	  
nanoparticle	  synthesis	  was	  modified	  to	  incorporate	  some	  of	  the	  work	  reported	  by	  Park	  et	  al.	  
[8-­‐9].	  	  	  
	  
	  
The	  modified	  synthesis	  involved	  the	  addition	  of	  sucrose	  (Sigma	  Aldrich,	  99	  %)	  to	  the	  washed	  
nanoparticle	  system	  which	  acted	  as	  a	  further	  carbon	  source	  to	  enhance	  the	  formation	  of	  a	  
robust	  graphitic	  shell.	   	  This	  was	  achieved	  by	  adding	  sufficient	  sucrose	  (such	  that	  the	  molar	  
	  
	  
50	  
ratio	  of	  metal:sucrose	  was	  0.9)	  to	  wash	  nanoparticles	  prepared	  as	  described	  at	  the	  end	  of	  
Section	   2.1.	   	   For	   example,	   typical	   syntheses	   yielded	   0.8	  mmol	   of	   nanoparticles,	   thus	   0.72	  
mmol	  (246.2	  mg)	  of	  sucrose	  was	  added	  to	  the	  nanoparticles	  in	  45	  mL	  of	  Milli-­‐Q	  water.	  	  This	  
was	  stirred	  in	  a	  2-­‐neck	  flask	  for	  24	  hours	  at	  60	  °C	  with	  nitrogen	  bubbling	  through	  to	  prevent	  
oxidation	  of	  the	  nanoparticles.	  	  This	  produced	  a	  stable	  black	  suspension	  which	  was	  washed	  
and	  centrifuged	  thrice	  with	  deionised	  water	  at	  8,000	  rpm	  before	  annealing.	  
	  	  
Figure	  2.5	   (a)	  presents	  a	   typical	  HRTEM	  image	  of	  a	  nanoalloy	  synthesised	  using	  the	  above	  
manner,	   where	   a	   series	   of	   concentric	   rings	   around	   the	   metal	   core	   can	   be	   identified	   as	  
graphitic	  carbon	  from	  the	  Raman	  spectrum.	  	  
	  	    
	  	  	  (a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	   2.5:	   (a)	   HRTEM	   image	   of	   a	   magnetic	   nanoparticle	   synthesised	   with	   the	   modified	  
method	  to	  include	  sucrose	  as	  a	  carbon	  source	  for	  the	  graphitic	  carbon	  shell	  (concentric	  rings	  
around	   the	   metal	   core),	   (b)	   	   The	   corresponding	   Raman	   spectrum	   of	   the	   same	   set	   of	  
nanoparticles	  showing	  the	  characteristic	  D	  and	  G	  graphite	  bands	  at	  1350	  cm-­‐1	  and	  1600	  cm-­‐1	  
respectively.	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2.4.2	  	  Methodology	  for	  the	  synthesis	  of	  FePt	  and	  CoFePt	  nanoparticles	  
Typical	  syntheses	  had	  total	  metal	  ion	  concentrations	  of	  4	  mM	  and	  were	  prepared	  in	  200	  mL	  
of	  reverse	  micellar	  solution.	  	  The	  relationship:	  𝑚 = 𝐶.𝑉.𝑀! 	  
	  
was	  used	  to	  calculate	  the	  mass	  of	  each	  metal	  salt	  to	  be	  used	  in	  the	  synthesis,	  where	  m	  is	  the	  
mass	  of	  metal	   salt,	   C	   is	   the	   concentration	  of	   the	  metal	   salts	   in	   the	   total	   volume	  V	  of	   the	  
reverse	  micelle	  system	  and	  Mr	  is	  the	  molar	  mass	  of	  the	  metal	  salt.	  	  	  
	  
The	  masses	  of	  salts	  were	  combined	  in	  a	  200	  mL	  volumetric	  flask,	  and	  an	  amount	  of	  water	  
was	  added	  to	  satisfy	  the	  w	  value	  chosen	  for	  the	  synthesis.	  	  The	  value	  of	  w	  dictates	  the	  size	  
of	  the	  water	  droplets	  in	  the	  RMs,	  and	  hence	  (along	  side	  the	  concentration	  of	  metal)	  controls	  
the	  size	  of	  the	  final	  nanoparticle	  population.	  	  The	  relationship	  for	  w	  is	  given	  by	  the	  ratio	  of	  
water	  to	  surfactant	  in	  a	  micellar	  system	  [4]:	  
	   𝑤 =    [!!!]![!"#$%&%'(]	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.1	  
	  
Based	   on	   the	   results	   obtained	   in	   [5],	   w	   was	   set	   at	   a	   fixed	   value	   of	   12,	   the	   surfactant	  
concentration	  was	  fixed	  at	  0.55	  M,	  thus	  the	  volume	  of	  water	  used,	  VH2O,	   	   to	  solubilise	  the	  
metal	  salts	  could	  be	  defined	  by	  the	  relation:	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑉𝐻2𝑂 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡 ·𝑀𝑟(𝑤𝑎𝑡𝑒𝑟) ·𝑤 · 𝑉𝑇𝑜𝑡𝑎𝑙	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  = 0.55   · 18 · 12 · 0.2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  = 23.76  𝑚𝐿	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Thus,	   for	   the	   200	  mL	   volumetric	   flask	   described	   above,	   the	   amount	   of	  water	   required	   to	  
form	   the	  water	   reservoir	   inside	   the	   reverse	  micelle	  was	  23.76	  mL.	   This	  was	   added	   to	   the	  
solid	  metal	   salts	   and	   the	  mixture	   was	   sonicated	   at	   room	   temperature	   for	   10	  minutes	   to	  
ensure	   that	  all	   solid	  material	  had	  dissolved	  before	   the	  addition	  of	   the	   surfactant	   to	  make	  
the	   RM	   solution.	   	   A	   stock	   solution	   of	   0.55	   M	   sodium	   dioctyl	   sulfosuccinate	   (commonly	  
referred	  to	  as	  aerosol	  OT,	  or	  AOT)	  in	  iso-­‐octane	  (2,	  2,	  4-­‐	  trimethyl	  pentane)	  was	  then	  added	  
to	  the	  aqueous	  metal	  salt	  solution	  in	  the	  flask	  to	  fill	  it	  to	  200	  mL.	  	  This	  was	  then	  sonicated	  
again	   for	   10	   minutes,	   during	   which	   time	   AOT	   surfactant	   molecules	   formed	   a	   monolayer	  
around	  each	  water	  droplet,	  forming	  the	  reverse	  micellar	  solution.	  	  In	  doing	  so,	  dissolved	  air	  
in	   the	   aqueous	   and	   oil	   phases	   was	   released	   as	   bubbles,	   which	   stopped	   after	   about	   10	  
minutes	  of	  sonication,	  indicating	  a	  degassed	  solution.	  	  The	  RM	  solution	  was	  then	  aged	  for	  4	  
hours	  to	  allow	  aquation	  of	  the	  negatively	  charged	  Pt(II)Cl42-­‐	  (which	  repels	  the	  H-­‐	  	  anion	  from	  
the	  sodium	  borohydride	  reducing	  agent,	  and	  hence	  reduces	  at	  a	  slower	  rate	  than	  the	  other	  
metal	  species)	  into	  PtCl2(OH)2,	  according	  to	  the	  following	  reaction	  sequence:	  	  
	  
[PtCl4]2-­‐	  +	  H2O	  ⇌	  [PtCl3(OH2)]-­‐	  +	  Cl-­‐	  
[PtCl3(OH2)]-­‐	  +	  H2O	  ⇌	  [PtCl2(OH2)2]	  +	  Cl-­‐	  
	  
The	   “aged”	   solution	   can	   now	   rapidly	   reduce	   upon	   reaction	   with	   sodium	   borohydride,	  
allowing	   all	  metal	   species	   to	   be	   reduced	   at	   about	   the	   same	   rate.	   	   On	   the	   bulk	   scale	   this	  
aquation	  occurs	  over	  a	  period	  of	  24	  hrs,	  but	  occurs	  more	  rapidly	   in	  the	   interior	  of	  reverse	  
micelles	   due	   to	   interactions	   of	   the	  platinate	   anion	  with	   the	  polar	   head	   group	  of	   the	  AOT	  
surfactant	  [10].	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The	  RM	  solution	  was	   transferred	   to	  a	   three	  neck	   flask	   (1	  L)	   containing	  a	  magnetic	   stirring	  
bead.	  	  One	  neck	  of	  the	  flask	  served	  as	  an	  inlet	  for	  nitrogen	  to	  bubble	  through	  the	  solution,	  
the	   second	   neck	   served	   as	   an	   outlet	   for	   the	   gas,	   while	   the	   third	   allowed	   addition	   of	   the	  
reagents.	   	   The	   combined	   metal	   salt	   solution	   continued	   to	   be	   purged	   with	   nitrogen	   to	  
replace	  any	  remaining	  dissolved	  air.	  	  This	  provided	  an	  almost	  anaerobic	  environment	  for	  the	  
reduction	  of	  the	  metal	  salts,	  where	  excess	  oxygen	  could	  oxidise	  the	  metals	  to	  metal	  oxides.	  	  
Regardless,	  small	  amounts	  of	  oxygen	  are	  known	  to	  prevent	  metal-­‐borate	   formation	  [1]	  by	  
Reaction	  2.1,	  while	  the	  reductive	  nature	  of	  the	  gas	  used	  during	  the	  annealing	  process	  (5%	  
H2,	  95%	  Ar)	  has	  been	  shown	  [6]	  to	  reduce	  cobalt	  ferrites	  into	  FeCo	  nanoparticles.	  
	  
	  
4Co2B	  +	  3O2	  à	  8Co	  +	  2B2O3	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Reaction	  2.1	  
	  
	  
In	  a	  separate	  vessel,	  another	  reverse	  micelle	  solution	  was	  prepared	  in	  an	  identical	  fashion,	  
but	  with	  the	  metal	  salts	  replaced	  by	  a	  suitable	  reducing	  agent	  (sodium	  borohydride,	  200	  %	  
molar	  excess).	   	  The	  borohydride	  RMs	  had	  to	  be	  reacted	  immediately	  after	  being	  prepared,	  
as	  the	  reagent	  slowly	  degrades	  upon	  contact	  with	  water.	   	  Hence,	  this	  solution	  was	  quickly	  
added	  to	  the	  three	  neck	  flask	  containing	  the	  rapidly	  stirred	  metal	  RMs	  and	  a	  colour	  change	  
from	  golden	  brown	  to	  black	  was	  instantly	  observed,	   indicating	  that	  reduction	  of	  the	  metal	  
salts	  had	  begun	  according	  to	  the	  following	  reaction	  sequence:	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BH4-­‐	  +	  3H2O	  à	  BO3-­‐	  +	  10H+	  +	  10e-­‐	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  Pt2+	  	  +	  2e-­‐	  à	  Pt0	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Co2+	  +	  2e-­‐	  à	  Co0	  
	  	  	  	  	  	  	  Fe3+	  +	  3e-­‐	  à	  Fe0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.2	  
	  	  	  	   	   	   	  
Stirring	  was	  continued	  for	  a	  period	  of	  90	  minutes	  to	  allow	  the	  reduction	  reaction	  to	  reach	  
completion.	  	  	  
	  
2.4.3	  Procedure	  for	  Ag-­‐doping	  of	  Nanoalloys	  	  
	  
The	  metal-­‐ion	   containing	   micelles	   were	   made	   in	   a	   two-­‐step	   process,	   however,	   since	   the	  
direct	   addition	  of	  AgNO3	   to	   the	   combined	   FeCl3.6H2O	  and	  K2PtCl4	   aqueous	  phase	  prior	   to	  
emulsification	  would	  yield	  a	  AgCl	  precipitate,	  resulting	  in	  micelles	  with	  the	  desired	  ferric	  and	  
platinum	  salts	  inside,	  but	  with	  solid	  AgCl	  at	  the	  bottom	  of	  the	  reaction	  vessel,	  unable	  to	  be	  
incorporated	  into	  the	  final	  nanoparticle	  composition,	  as	  a	  result	  of	  the	  reaction:	  
	  
	  	  	  	  MClx(aq)	  +	  xAgNO3(aq)	  à	  M(NO3)x(aq)	  +	  xAgCl(pt)	   	   	  
Where	  M	  =	  Fe,	  Pt	  or	  Co	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Reaction	  2.2	  
	  
Thus,	  for	  a	  typical	  preparation	  of	  silver-­‐doped	  nanoparticles,	  the	  metal	  salt	  RMs	  were	  split	  
into	   two	  half	   volumes,	   one	  with	   chloride	  based	  metal	   salts	   (Fe,	   Pt,	   Co	  etc)	   and	   the	  other	  
containing	  the	  dissolved	  AgNO3	  salt.	  	  
	  
	  
	  
55	  
The	  calculations	  above	  for	  the	  masses	  of	  iron	  and	  platinum	  salts	  were	  calculated	  for	  a	  total	  
volume	  of	  200	  mL,	  but	  since	  the	  RMs	  are	  into	  two	  equal	  parts	  they	  were	  made	  up	  in	  100	  mL	  
(thus	   the	   initial	   metal	   concentration	   is	   8	   mM,	   but	   after	   mixing	   with	   the	   second	   Ag	   RMs	  
becomes	  the	  desired	  4	  mM).	   	  Following	  this,	  the	  amount	  of	  water	  added	  was	  also	  halved,	  
and	  as	  such	  11.88	  mL	  of	  water	  was	  added	  to	  the	  100	  mL	  flask	  which,	  according	  to	  Equation	  
2.1,	   results	   in	  w	   =	   12.	   	   Similarly,	   the	  mass	   of	   silver	   salt	   required	   for	   the	   silver	   RMs	   was	  
calculated	  based	  on	  a	  final	  volume	  of	  200	  mL,	  but	  was	  prepared	  in	  a	  100	  mL	  flask	  covered	  
with	  foil	  to	  eliminate	  any	  photo-­‐reduction	  by	  ambient	  light.	  	  	  
	  
The	   two	   RM	   metal	   salt	   solutions	   were	   then	   combined	   together	   in	   the	   three	   neck	   flask,	  
mixed	  vigorously	  and	  allowed	  to	  age	  for	  4	  hours,	  during	  which	  time	  reaction	  2.2	  proceeds,	  
but	  the	  AgCl	  precipitate	  is	  now	  confined	  to	  the	  inside	  of	  the	  reverse	  micelles,	  and	  thus	  the	  
AgCl	   is	   able	   to	  be	   reduced	  at	  a	   later	   stage	  by	   suitably	   strong	   reducing	  agents	   like	   sodium	  
borohydride.	   	   The	   synthesis	   was	   then	   continued	   as	   in	   the	   preceding	   section,	   and	   can	   be	  
followed	  from	  step	  2	  of	  the	  procedure	  detailed	  in	  Table	  2.1.	  	  
	  
	  
2.5	  	   Synthesis	  of	  Nanoalloys	  
 
 
	  
2.5.1	   	  	  Synthesis	  of	  FePt	  Nanoalloys	  	  
	  
 
For	   FePt	   nanoalloys,	   powdered	   ferric	   chloride	   hexahydrate	   (108.1	   mg)	   together	   with	  
potassium	  tetrachloroplatinate	  (166.6	  mg)	  were	  weighed	  into	  a	  200	  mL	  flask	  and	  dissolved	  
with	  23.76	  mL	  deonised	  water	  (w=12)	  and	  micellised	  with	  a	  stock	  solution	  of	  0.55	  M	  AOT	  in	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iso-­‐octane.	  	  	  After	  aging	  for	  24	  hours	  this	  solution	  was	  reacted	  with	  a	  separate	  RM	  solution	  
of	  sodium	  borohydride	  in	  200	  %	  excess	  to	  the	  molar	  amount	  required	  to	  reduce	  the	  metal	  
micelles	  (153	  mg),	  made	  up	  in	  23.76	  mL	  of	  water.	  
	  
2.5.2	   	  	  Synthesis	  of	  [FePt]93Ag7	  Nanoalloys	  
 
Powdered	   ferric	   chloride	   hexahydrate	   (100.6	   mg)	   together	   with	   potassium	  
tetrachloroplatinate	  hexahydrate	   (154.4	  mg)	  were	  micellised	   in	   a	  100	  mL	   volumetric	   flask	  
with	  0.55	  M	  AOT	  stock	  solution	  and	  11.8	  mL	  of	  Milli-­‐QTM	  water	  such	  that	  w=12.	   	  This	  was	  
allowed	   to	   age	   over	   a	   period	   of	   24	   hours	   such	   that	   the	   Pt	   could	   be	   adequately	   aquated	  
according	  to	  Reaction	  2.1.	  	  In	  a	  separate	  100	  mL	  flask,	  silver	  nitrate	  (9.5	  mg)	  was	  micellised	  
in	  the	  same	  way,	  shielded	  from	  light	  to	  prevent	  any	  photo-­‐reduction	  of	  the	  silver	  salt.	  	  This	  
was	  prepared	  fresh,	  and	  then	  the	  two	  solutions	  were	  combined	  before	  addition	  of	  a	  reverse	  
micellar	  solution	  of	  borohydride	  (200	  %	  molar	  excess	  required	  to	  reduce	  the	  micelles).	  
	  
	  
2.5.3	   	  	  Synthesis	  of	  [FePt]85Ag15	  nanoalloys	  
 
To	   synthesise	   FePt	   nanoalloys	   with	   15	   atomic	   %	   silver	   doping,	   powdered	   ferric	   chloride	  
hexahydrate	  (100.55	  mg)	  and	  potassium	  tetrachloroplatinate	  hexahydrate	  (154.42	  mg)	  were	  
added	   to	   a	   100	  mL	   volumetric	   flask	   and	  micellised	   with	   0.55	  M	   AOT	   stock	   solution	  with	  
11.88	  mL	  Milli-­‐QTM	   	  water	  such	  that	  w	  =	  12,	  and	  aged	  for	  24	  hours.	   	   In	  a	  separate	  100	  mL	  
flask,	  silver	  nitrate	  (20.37	  mg)	  was	  micellised	  in	  the	  same	  way	  (with	  w	  =	  12)	  in	  the	  absence	  
of	   light,	   and	   combined	   with	   the	   Fe	   and	   Pt	   micellar	   solution	   to	   be	   reacted	   with	   the	  
borohydride	  micelles	  (200	  %	  molar	  excess).	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2.5.4	   	  	  Synthesis	  of	  (Co80Fe20)50Pt50	  Nanoalloys	  
 
Ternary	  alloys	  of	  CoFePt	  were	  synthesised	  by	  weighing	  cobalt	  chloride	  hexahydrate	  (76.14	  
mg),	  ferric	  chloride	  hexahydrate	  (21.62	  mg)	  and	  potassium	  tetrachloroplatinate	  (166.04	  mg)	  
into	  a	  200	  mL	  volumetric	  flask	  and	  micellising	  with	  0.55	  M	  AOT	  stock	  solution	  and	  23.76	  mL	  
Milli-­‐QTM	  water	   such	   that	  w	  =	  12	  and	   then	   reacted	  with	  200	  %	  molar	   excess	  borohydride	  
micellar	  solution.	  	  The	  nanoalloy	  particles	  were	  then	  extracted	  and	  annealed	  as	  in	  Table	  2.1.	  
	  
2.5.5	   	  Synthesis	  of	  [(Co80Fe20)50Pt50]93Ag7	  Nanoalloys	  
 
Similar	   to	   the	   FePt(Ag)	   nanoalloy	   systems	   of	   the	   preceding	   sections,	   silver	   metal	   was	  
incorporated	  into	  the	  alloy	  to	  study	  its	  effects	  for	  phase	  transformation	  enhancement.	  	  The	  
synthesis	   required	   cobalt	   chloride	   hexahydrate	   (70.81	   mg),	   ferric	   chloride	   hexahydrate	  
(20.11	  mg),	  potassium	  tetrachloroplatinate(154.42	  mg)	  which	  were	  micellised	  such	  that	  w	  =	  
12	   in	   a	   100	   mL	   flask,	   and	   alongside	   this	   in	   a	   separate	   flask	   silver	   nitrate	   (9.51	   mg)	   was	  
micellised.	   	   The	   two	   solutions	  were	   reduced	  with	   200%	  molar	   excess	   of	   borohydride	   and	  
extracted	  and	  annealed	  as	  in	  Table	  2.1.	  
	  
	  
2.5.6	   	  	  Synthesis	  of	  [(Co80Fe20)50Pt50]85Ag15	  Nanoalloys	  
 
A	  mixture	  of	  cobalt	  chloride	  hexahydrate	  (64.71	  mg),	  ferric	  chloride	  hexahydrate	  (18.38	  mg),	  
and	  potassium	  tetrachloroplatinate	  (141.14	  mg)	   in	  one	  100	  mL	  volumetric	   flask,	  and	  silver	  
nitrate	   (20.38	  mg)	   in	   a	   separate	   100	  mL	   volumetric	   flask,	  were	  micellised	   in	   0.55	  M	  AOT	  
solution	  with	  w	  =	  12.	  The	  solutions	  were	  combined	  and	  then	  reduced	  with	  a	  200	  %	  molar	  
excess	  of	  borohydride	  as	  in	  Table	  2.1.	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2.6	  	  	  	  	  	  Apparatus	  	  
	  
The	  apparatus	  employed	  for	  post-­‐synthetic	  characterisation	  of	  the	  nanoalloys	  is	  presented	  
in	  the	  following	  section.	  
	  
2.6.1	   	  	  	  Electron	  Microscopy	  
Microstructure	  observations	  of	  the	  different	  crystalline	  phases	  of	  the	  nanocrystallites	  were	  
carried	  out	  by	  the	  electron	  microscopic	  techniques	  outlined	  below.	  
	  
2.6.1.1	  	  	  	  Transmission	  Electron	  Microscopy	  (TEM)	  
	   	  
For	  low	  resolution	  imaging,	  a	  JEOL	  1010	  TEM	  operating	  at	  100	  kV	  was	  employed,	  while	  for	  
high	  resolution	  imaging,	  a	  JEOL	  2010	  TEM	  operating	  at	  200	  kV	  and	  a	  JEOL	  2100F	  TEM,	  both	  
equipped	  with	  Gatan	  Image	  Filters,	  were	  used	  to	  record	  images	  of	  the	  nanoparticles	  and	  the	  
atomic	  lattices.	  	  	  
	  
TEM	  samples	  were	  prepared	  either	  on	  ‘strong	  carbon’	  copper	  mesh	  grids	  for	  low	  resolution	  
imaging	   in	   the	   100	   kV	   1010	   TEM,	  where	   the	   continuous	   ‘strong	   carbon’	   film	   allowed	   the	  
particles	  to	  form	  large	  hexagonal	  close-­‐packed	  arrays	  in	  some	  cases,	  and	  ‘lacey	  carbon’	  grids	  
for	  high	   resolution	   imaging	   in	   the	  200	  kV	  microscopes.	   	   The	   ‘lacey	   carbon’	   grids	  have	   the	  
advantage	   that	   the	   discontinuous	   carbon	   film	   allows	   the	   nanoparticles	   to	   be	   suspended	  
from	  the	  edge	  of	  the	  lace,	  such	  that	  the	  electron	  beam	  can	  pass	  through	  the	  nanoparticle	  
without	   encountering	   any	   carbon	   from	   the	   grid.	   	   This	   enables	   far	   clearer	   high-­‐resolution	  
images	  to	  be	  obtained	  than	  can	  be	  achieved	  with	  strong	  carbon	  grids,	  and	  allows	  the	  lattice	  
planes	   of	   the	   crystalline	   nanoparticles	   to	   be	   imaged.	   	   In	   either	   case,	   very	   dilute	   aqueous	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dispersions	   of	   washed,	   purified	   nanoparticles	   were	   drop	   cast	   onto	   the	   grids	   which	   were	  
then	   allowed	   to	   dry	   in	   an	   inert	   atmosphere	   for	   several	   hours	   prior	   to	   insertion	   into	   the	  
microscopes.	  	  	  
	  
The	  theory	  behind	  electron	  microscopy	  is	  based	  on	  the	  Abbe	  diffraction	  limit	  (first	  proposed	  
by	  Ernst	  Abbe	  in	  1873),	  which	  relates	  the	  smallest	  resolvable	  feature	  size	  to	  the	  wavelength	  
of	  incident	  radiation	  thus:	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑑 =    !!(!"#!$)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.3	  
	  
Where	  d	  is	  the	  smallest	  resolvable	  feature	  size,	  λ	  is	  the	  incident	  radiation	  wavelength,	  n	  the	  
refractive	   index	   of	   the	   medium	   (vacuum	   for	   electron	   microscopy)	   and	   θ	   is	   the	   angle	   of	  
incidence.	  	  "nsinθ”	  is	  referred	  to	  as	  the	  Numerical	  Aperture,	  and	  for	  optical	  microscopes	  has	  
an	  upper	   limit	  of	  1.4.	   	   	   	   	  The	  electron	  microscope	  can	  achieve	  much	  higher	  magnifications	  
than	  an	  optical	  microscope	  because	  the	  wavelength	  of	  electrons	  can	  be	  much	  shorter	  than	  
those	  of	  photons	  of	  visible	  light.	  	  
	  
In	  the	  microscope,	  the	  electron	  beam	  both	  illuminates	  and	  passes	  through	  a	  sample,	  after	  
which	   magnetic	   ‘lenses’	   focus	   the	   beam	   onto	   a	   phosphorescent	   plate	   to	   form	   a	   greatly	  
magnified	   image	   (up	   to	  about	  1.5	  million	   times	  magnification).	   	   If,	  on	   the	  other	  hand,	   the	  
electron	   beam	   is	   defocused	   such	   that	   the	   sample	   is	   bathed	   in	   a	   uniform	   electron	   beam	  
normal	  to	  its	  surface,	  then	  rather	  than	  seeing	  a	  transmitted	  image,	  the	  sample	  can	  diffract	  
the	   electron	   beam	   giving	   rise	   to	   the	   phenomenon	   known	   as	   Selected	   Area	   Electron	  
Diffraction	   (SAED),	   which	   yields	   information	   on	   the	   crystalline	   structure	   of	   very	   small	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amounts	   of	   material	   (single	   metallic	   nanoparticles	   if	   the	   material	   is	   highly	   crystalline).	  	  
Similar	  to	  SAED,	  a	  Fourier	  transform	  can	  be	  performed	  on	  digital	  TEM	  images,	  and	  if	  lattice	  
planes	  are	  visible	  in	  the	  image,	  the	  Fourier	  transform	  will	  provide	  an	  image	  identical	  to	  that	  
of	   the	   SAED	   pattern.	   	   The	   advantage	   of	   this	   becomes	   obvious	   when	   reconstructing	   the	  
original	  image	  by	  taking	  the	  inverse	  Fourier	  transform	  of	  only	  the	  diffraction	  points	  to	  yield	  
a	  much	  clearer	  image	  than	  the	  original,	  and	  this	  can	  be	  seen	  in	  Figure	  2.6,	  (a)	  –	  (e).	  
	  
	  
	  
Figure	   2.6:	   	   (a)	   Original	   TEM	   image	   of	   [FePt]93Ag7	   nanoparticles	   annealed	   at	   300	   °C.	   (b)	  
Fourier	   transform	   of	   the	   nanoparticle	   in	   the	   centre	   of	   (a)	   showing	   two	   points	   in	   Fourier	  
space	  located	  at	  2.353	  Å	  and	  2.713	  Å.	  (c)	  Inverse	  Fourier	  transform	  of	  the	  point	  located	  at	  
2.713	   Å;	   (d)	   Inverse	   Fourier	   transform	   of	   the	   point	   located	   at	   2.353	   Å;	   and	   (e)	   image	  
reconstruction	  of	  (c)	  and	  (d)	  showing	  two	  clear	  lattice	  planes	  not	  obvious	  in	  (a).	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2.6.1.2	  	  	  Scanning	  Electron	  Microscopy	  (SEM)	  
	  
A	  Phillips	  XL30	  SEM,	  equipped	  with	  an	  Oxford	  Si(Li)	  X-­‐ray	  detector	  for	  energy	  dispersive	  X-­‐
ray	   (EDX)	   elemental	   analysis,	   was	   used	   to	   measure	   the	   chemical	   compositions	   and	  
stoichiometry	  of	  the	  nanoalloys.	  
	  
While	  the	  TEM	  can	  be	  considered	  to	  be	  analogous	  to	  the	  optical	  microscope,	  with	  a	  static	  
beam	  of	   radiation	   interacting	  with	  a	   sample	  and	   then	  being	   refocused	  onto	  a	   screen,	   the	  
SEM	   is	   different,	   in	   the	   sense	   that	   the	   electron	   beam	   is	   first	   focused	   onto	   the	   sample	  
surface,	   typically	   to	   a	   spot	   of	   about	   10	   –	   20	   nm	   in	   diameter.	   	   This	   spot	   is	   then	   scanned	  
across	   the	   surface	   of	   the	   sample	   scattering	   electrons,	  which	   are	   then	   directed	   towards	   a	  
detector	   which	   converts	   the	   signal	   to	   an	   image.	   In	   addition	   to	   the	   scattered	   electrons,	  
characteristic	   x-­‐rays	   are	   also	   generated	   from	   the	   sample	  when	   the	   constituent	   atoms	  are	  
struck	  by	  the	  incident	  electron	  beam	  from	  the	  SEM.	  	  	  
	  
The	  XL30	  SEM	  is	  equipped	  with	  elemental	  analysis	  capabilities,	  such	  as	  energy	  dispersive	  X-­‐
ray	   (EDX)	   analysis,	  whereby	   the	   elemental	   composition	   and	   stoichiometry	  of	   the	  material	  
can	  be	  measured	  from	  the	  characteristic	  x-­‐ray	  intensities.	  
The	   origin	   of	   the	   characteristic	   X-­‐rays	   utilized	   in	   energy	   dispersive	   x-­‐ray	   studies	   can	   be	  
visualised	  from	  Figure	  2.7.	  	  In	  Figure	  2.7	  (a)	  the	  characteristic	  electron	  shells,	  K,	  L	  and	  M	  are	  
depicted.	   	   In	   Figure	   2.7	   (b),	   an	   electron	   is	   ejected	   from	   the	   K	   shell	   of	   an	   atom	   of	   the	  
element,	  this	   leaves	  a	  vacancy	  in	  the	  K	  shell	  which	  is	  filled,	   in	  this	  instance,	  by	  an	  electron	  
“falling”	  from	  the	  L	  shell.	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   Figure	  
2.7:  (a)	   Electron	   shell	   model	   of	   the	   atom.	   (b)	   Energy	   level	   diagram	   showing	   the	   emission	   of	   a	  
characteristic	  X-­‐ray	  characteristic	  for	  an	  atom	  of	  the	  element	  bombarded. 
	  
As	   the	  electron	  moves	   into	   the	   lower	  energy	   state	   it	   releases	  energy,	  ΔE	   in	   the	   form	  of	  a	  
photon,	  of	  wavelength,	  λ,	  which	  can	  be	  expressed	  by:	  
	   𝛥𝐸 = ℎ𝑓	  
And	  since	  	   𝑐 = 𝑓𝜆,	  
Then	  	  
𝛥𝐸 =   ℎ𝑐𝜆 	  
	  
And	  the	  characteristic	  wavelength	  is	  given	  by:	  
	   𝜆 = ℎ𝑐/𝛥𝐸	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Where	  h	  is	  Planck’s	  constant	  and	  c	  is	  the	  speed	  of	  light.	  	  Since	  ΔE	  is	  unique	  for	  the	  atoms	  of	  
an	   element,	   the	   wavelength	   of	   the	   detected	   X-­‐ray	   is	   characteristic	   of	   the	   element	   that	  
produced	  it.	  
	  
2.6.2	   	  	  X-­‐Ray	  Diffraction	  (XRD)	  
	  
A	  Bruker	  D4	  Endeavour	  powder	  diffractometer	  using	  CuKα	  radiation	  was	  used	  to	  record	  the	  
diffraction	   patterns	   of	   all	   the	   alloys	   that	   were	   prepared.	   	   The	   observed	   patterns	   were	  
matched	   against	   those	   provided	   by	   the	   Joint	   Committee	   of	   Powder	  Diffraction	   Standards	  
(JCPDS)	   in	   order	   to	   identify	   the	   phases	   present	   in	   the	   alloy	   samples.	   	   XRD	   patterns	  were	  
collected	   between	   the	   angles	   of	   20	   –	   90°	   (2θ),	   at	   a	   resolution	   of	   0.02°	   (2θ).	   The	  
diffractometer	  was	  operated	  at	  40	  kV	  and	  35	  mA.	  	  The	  raw	  data	  was	  converted	  into	  a	  usable	  
format	  (UXD	  file)	  and	  processed	  in	  Microsoft	  Excel	  and	  Origin.	  
	  
	  	  	  	  	  	  	  
X-­‐ray	  diffraction	  was	  the	  main	  technique	  employed	  to	  determine	  the	  crystalline	  nature	  and	  
identity	   of	   the	   various	   phases	   present	   in	   the	   nanoparticles.	   	   This	   study	  was	   critical,	   since	  
during	   the	  post-­‐synthesis	   annealing	  processes	   compound	   formation	  and	  phase	   transitions	  
occur	  as	  atoms	  organise	  into	  lattices	  of	  varying	  degrees	  of	  order.	  	  Different	  inter-­‐lattice	  and	  
inter-­‐atomic	  spacings	  are	  revealed	  according	  to	  Braggs’	  Law:	  
	  
	   	   	   	   	   𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.4	  
	  
	  
	  
64	  
Where	  n	   is	   the	  order	  factor,	  λ	   is	   the	  wavelength	  of	  the	   incident	  X-­‐ray	   in	  Å,	  d	   is	   the	   lattice	  
spacing	  in	  Å	  and	  θ	  radians	  is	  the	  angle	  of	  the	  incident	  X-­‐ray	  beam,	  as	  illustrated	  in	  Figure	  2.8.	  
Simple	  rearrangement	  of	  Equation	  2.4	  reveals	  the	  first-­‐order	  (n=1)	  lattice	  spacing:	  
	  
	   	   	   	   	   𝑑 = 𝜆/2𝑠𝑖𝑛𝜃	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.5	  
	  
Where	  d	  represents	  the	  lattice	  spacing	  in	  Å	  if	  θ	  is	  expressed	  in	  radians.	  
	  
Figure	  2.8:	  Atoms	  arranged	   in	   a	   crystal	   lattice.	  When	  an	   incident	   x-­‐ray	  beam	   is	  diffracted	  
after	  collision	  with	  an	  atom	  in	  the	  crystal	  lattice,	  the	  angle,	  θ,	  is	  measured. 
 
The	  list	  of	  different	  d	  spacings	  provides	  a	  fingerprint	  of	  the	  crystalline	  phase	  that	  produced	  
them	  and	   is	  used	   for	   identification	  of	   the	   crystal	   structure	  via	   the	   JCPDS	   files	  of	   standard	  
phases.	  
	  
A	  single	  nanoparticle	  containing	  Fe	  and	  Pt	  atoms	  can	  exist	  in	  an	  amorphous,	  pseudo-­‐cubic,	  
cubic	  or	   tetragonal	  state,	  all	  of	  which	  can	  be	   identified	  by	   the	  d-­‐spacing	  derived	   from	  the	  
diffraction	  pattern	  it	  produces.	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The	   atoms	   in	   a	   crystal	   form	   lattices	   like	   those	   shown	   in	   Figure	   2.8,	   and	   the	   spacings	   of	  
planes	  of	   lattice	  points	  are	   important	  aspects	  of	  a	  crystal’s	   structure.	  The	  arrangement	  of	  
atoms	  in	  a	  crystal	  can	  be	  described	  in	  terms	  of	  its	  unit	  cell,	  which	  is	  the	  smallest	  repeating	  
unit	  of	  the	  crystal.	   	  The	  unit	  cell	  can	  be	  thought	  of	  as	  the	  fundamental	  region	  from	  which	  
the	  crystal	  may	  be	  constructed	  by	  repetition	  of	  this	  region.	  	  The	  widths	  of	  planes	  within	  this	  
unit	   cell,	   which	   correspond	   to	   the	   value	   of	   d,	   depicted	   previously	   in	   Figure	   2.8,	   are	  
characteristic	  of	  the	  type	  of	  crystal	  and	  crystalline	  phase	  of	  the	  material.	  	  	  
	  
A	   two	   dimensional	   array	   is	   shown	   below	   in	   Figure	   2.9.	   If	   it	   is	   considered	   to	   be	   a	   two	  
dimensional	  crystal	  lattice,	  it	  is	  possible	  to	  identify	  the	  crystal	  planes	  as	  described	  below.	  
	  
	  
If	  the	  first	  four	  lattice	  points	  in	  Figure	  2.9	  (i)	  –	  (iii)	  are	  taken	  to	  define	  the	  unit	  cell	  of	  this	  two	  
dimensional	   crystal,	   it	   is	   then	  possible	   to	  define	   the	  unit	   cell	   as	   a	   square	  bound	  by	   these	  
points	  of	  axes	  a	  and	  b.	  Accordingly,	   the	   intersection	  of	  the	   lattice	  points	  with	  the	  plane	   is	  
(1a,1b),	  (!!a,	  !!b)	  and	  (∞a,1b)	  in	  Figures	  2.9	  (i),	  (ii)	  and	  (iii),	  respectively.	  If	  then,	  the	  distances	  
are	  quoted	  in	  terms	  of	  multiples	  of	  the	  unit	  cell,	  these	  planes	  can	  be	  referred	  to	  as	  (1,1),	  (!!,	  !!)	  and	  (∞,1)	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  (i)	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  (ii)	   	   	  	  	  	  	  	   	  	  	  	  	  	  	  	  (iii)	  
Figure	  2.9:	  	  Two-­‐dimensional	  lattices	  with	  various	  planes	  intersecting	  the	  lattice	  points;	  (i)	  is	  (1,1);	  (ii)	  
is	  (𝟏𝟐,	  𝟏𝟑)	  and	  (iii)	  is	  (∞,1).	  
 
If	   the	   two	   dimensional	   lattice	   in	   Figure	   2.9	   is	   now	   expanded	   to	   accommodate	   three	  
dimensions,	  the	  square	  acquires	  a	  third	  axis,	  c	  (rising	  out	  of	  the	  page),	  of	  which	  the	  above	  
three	  planes	  do	  not	   intersect,	  or	  rather,	   they	   intersect	  at	   infinity.	   	  The	  planes	  can	  now	  be	  
written	   for	  a	   three	  dimensional	  unit	  cell	  as	   (1,	  1,	  ∞),	   (!!,	  !!,	  ∞)	  and	  (∞,1,∞).	   	  Reference	  to	  
fractions	   and	   infinity	   is	   removed	   from	   the	   labels	  by	   taking	   the	   reciprocals,	   thus	   the	   three	  
planes	  in	  Figure	  2.9	  simplify	  to	  (1,1,0),	  (2,3,0)	  and	  (0,1,0).	  	  This	  type	  of	  notation	  is	  referred	  to	  
as	  Miller	  notation,	  and	  the	  reciprocal	  distances	  referred	  to	  as	  the	  Miller	  indices	  (h,k,l).	  	  The	  
notation	  (h,k,l)	  in	  round	  brackets	  denotes	  an	  individual	  plane,	  and	  a	  set	  of	  planes	  is	  referred	  
to	  by	  means	  of	  wavy	  brackets:	  {h,k,l}.	  	  	  	  
	  
A	   primitive	   cubic	   unit	   cell	   with	   three	   examples	   of	   typical	   crystal	   planes	   and	   their	  
corresponding	  Miller	  indices	  are	  shown	  below	  in	  Figure	  2.10:	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Figure	  2.10:	  	  Three	  primitive	  cubic	  unit	  cells	  illustrating	  crystallographic	  planes	  intersecting	  their	  
lattice	  points.	  	  (From	  left	  to	  right:	  (001),	  (100)	  and	  (111). 
	  	  	  
During	  the	  annealing	  process,	  both	  the	  FePt	  and	  CoFePt	  alloys	  undergo	  a	  phase	  transition	  
from	  cubic	  to	  tetragonal	  structures,	  which	  results	  in	  c-­‐axis	  contraction.	  	  The	  effect	  of	  this	  on	  
the	  unit	  cell	  dimensions	  and	  corresponding	  reflection	  angles	  in	  XRD	  is	  shown	  below	  in	  Figure	  
2.11:	  
	  
	  
Figure	  2.11:	  	  (a)	  Typical	  x-­‐ray	  diffractogram	  of	  a	  tetragonal	  crystal	  system	  (i.e.	  L10	  phase	  of	  
FePt	   or	   CoPt)	   with	   corresponding	   unit	   cell	   and	   (hkl)	   values,	   and	   (b)	   typical	   x-­‐ray	  
diffractogram	  of	   a	   cubic	   crystal	   system	   (i.e.	  A1	  phase	  of	   FePt	  or	  CoPt)	   and	   corresponding	  
(hkl)	  values	  and	  unit	  cell.	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The	   tetragonal	   splitting	   of	   the	   cubic	   {200},	   {220}	   and	   {311}	   planes	   into	   their	   respective	  
{200}/{002},	   {220}/{202}	   and	   {311}/{113}	   planes	   result	   in	   anisotropy	   of	   the	   crystal,	   thus	  
creating	  magneto-­‐crystalline	   anisotropy,	   which	   leads	   to	   the	   observed	   ferro-­‐magnetism	   of	  
such	  samples	  as	  described	  in	  Chapter	  3.	  
The	  origin	  of	  the	  c-­‐axis	  contraction	  has	  been	  described	  as	  a	  Jahn-­‐Teller	  type	  effect,	  where	  
the	  degeneracy	  of	  the	  Fe	  3d	  bands	  can	  be	  removed	  by	  distortion	  of	  the	  lattice	  [11].	  	  
	  
As	  a	  result	  of	  the	  c-­‐axis	  contraction,	  the	  ordered	  alloy	  exists	  in	  a	  lower	  energy	  state	  than	  the	  
disordered	  alloy	  [12],	  where	  the	  degeneracy	  of	  the	  3d	  orbitals	  in	  the	  disordered	  alloy	  causes	  
the	   alloy	   to	   reside	   in	   a	   higher	   energy	   state,	   E0,	   than	   the	   ordered	   alloy	  with	   energy	   E1	   as	  
shown	  below	  in	  Figure	  2.12.	  
	  
 
 
Figure	  2.12:	  	  Energy	  level	  scheme	  for	  A1	  and	  L10	  crystalline	  phases.	  	  	  	  
	  
An	   example	   of	   the	   relationship	   between	   the	   observed	   reflections	   in	   the	   XRD	   to	   the	  
schematic	   unit	   cell	   representation	   and	   the	  data	  obtained	   from	  HRTEM	   is	   shown	  below	   in	  
Figure	  2.13.	  	  
L10)	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Figure	   2.13:	   	   The	   relationship	   between	   the	   recorded	   reflections	   in	   the	   XRD,	   and	   the	   crystalline	  
planes	  from	  the	  nanoparticles	  that	  produced	  them.	  
Figure	  2.14	  illustrates	  the	  unit	  cell	  of	  the	  L10	  phase	  of	  FePt	  with	  the	  lattice	  co-­‐ordinates	  of	  
each	  atom	  identified.	  
	  
 
Figure	  2.14:	  	  Unit	  cell	  diagram	  of	  L10	  FePt	  with	  lattice	  coordinates	  of	  each	  atom.	  
	  
The	  lattice	  parameters	  a,	  b	  and	  c	  that	  describe	  the	  unit	  cell	  of	  the	  crystal	  being	  studied	  can	  
be	  determined	  from	  the	  relation:	  
d111	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!!! =    !!!! + !!!! + !!!!	  	  
	  
Where	  d	   is	   the	   inter-­‐lattice	  spacing	  discussed	   in	   the	  previous	  sections,	   (hkl)	  are	  the	  Miller	  
indices	  and	  a,b	  and	  c	  are	  the	  dimensions	  of	  the	  axes	  of	  the	  unit	  cell.	  	  	  
	  
And,	  since	  for	  a	  cubic	  system	  (such	  as	  disordered	  FePt	  and	  CoFePt)	  the	  values	  of	  a,	  b	  and	  c	  
are	  all	  equal,	  then	  for	  the	  (111)	  plane,	  the	  equation	  above	  can	  be	  simplified	  to:	  
	  
𝑎 =    !!/!! = 𝑏 = 𝑐	  	  
	  
For	  tetragonal	  systems,	  where	  a	  and	  b	  are	  equal,	  but	  c	  is	  smaller,	  the	  following	  equation	  can	  
be	  used:	  
	   	  
!!! =    !!!!!!! + !!!!	  	  
	  
Which	  can	  be	  solved	  for	  c	  with	  simultaneous	  equations	  once	  a	  has	  been	  determined.	  	  	  
	  
In	   this	   work,	   the	   FreeWare	   program	   “UnitCell”	   (©Tim	   Holland	   and	   Simon	   Redfern,	  
Cambridge	  University)	  was	  employed	  for	  all	  unit	  cell	  parameter	  calculations.	  	  The	  software	  
calculates	   the	   lattice	   parameters,	   a,	   and	   c,	   from	   the	   (hkl)	   values	   calculated	   from	   the	  
diffraction	  pattern	  and	  the	  2θ	  values	  at	  which	  the	  (hkl)	  values	  occur	  at.	  	  The	  (hkl)	  values	  can	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be	  precisely	  recorded	  to	  at	  least	  four	  decimal	  places	  by	  fitting	  a	  Gaussian	  curve	  to	  the	  raw	  
XRD	  data	  using	  appropriate	  software	  and	  taking	  the	  centroid	  as	  the	  2θ	  value.	  	  	  
The	  size	  of	  the	  diffracting	  crystallite	  can	  be	  calculated	  from	  the	  XRD	  data	  by	  means	  of	  the	  
Scherrer	  relation:	  
	   𝑑!"#$% = !.!  !!"#$∗!"#$	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.6	  
	  
Where	  dcryst	  is	  the	  calculated	  crystallite	  size	  in	  nanometers,	  0.9	  is	  related	  to	  the	  shape	  factor	  
and	  strain	  of	  the	  crystal,	  λ	  is	  the	  wavelength	  of	  incident	  radiation	  (CuKα=1.5418	  Å),	  FWHM	  is	  
the	   ‘full	  width	  at	  half	  maximum’	  of	   the	   reflection	  chosen,	  and	  θ	   is	   the	  angle	  at	  which	   the	  
reflection	  occurs.	  	  The	  FWHM	  value	  (in	  radians)	  is	  defined	  by	  Equation	  2.7:	  	  	  𝐹𝑊𝐻𝑀 = !! (2𝜃! − 2𝜃!)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.7	  
Where	  2θ2	  and	  2θ1	  are	  the	  beginning	  and	  end,	  respectively,	  of	  the	  fundamental	  peak	  
selected	  for	  the	  calculation,	  and	  are	  depicted	  in	  Figure	  2.15	  below.	  
	  
Figure	  2.15:	  Schematic	  illustration	  of	  the	  full	  width	  at	  half	  maximum.	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It	  must	  be	  emphasised	  that	  the	  Scherrer	  calculated	  crystallite	  size	   is	  an	  average	  value	  of	  a	  
very	   large	   ensemble	   of	   individually	   diffracting	   nanoparticles,	   and	   should	   be	   used	   in	  
conjunction	   with	   TEM	   results,	   since	   many	   nanoparticles	   can	   have	   multiple	   crystalline	  
domains	  (with	  the	  smaller	  domains	  giving	  broader	  XRD	  reflections,	  and	  the	  larger	  domains	  
giving	  narrower	  XRD	  reflections),	  such	  as	  the	  nanoparticle	   in	  the	  example	  shown	  in	  Figure	  
2.16	  below.	  	  
	  
 
Figure	  2.16:	  	  Example	  of	  a	  [(Co80Fe20)50Pt5085Ag15	  nanoparticle	  annealed	  at	  500	  °C	  exhibiting	  
multiple	  crystalline	  domains	  and	  clear	  grain	  boundaries	  (marked	  with	  arrow).	  	  
	  
The	   Scherrer	   relation	   calculates	   the	  diameter	   of	   the	   smallest	   average	  domain	   size,	   rather	  
than	   the	   entire	   nanoparticle	   size.	   	   As	   can	   be	   seen	   from	   Figure	   2.16,	   multiple	   crystalline	  
domains	  can	  occur	  within	  a	  single	  particle.	  	  In	  such	  a	  case,	  the	  crystallite	  size,	  as	  calculated	  
by	  the	  Scherrer	  relation,	  corresponds	  to	  the	  smallest	  diffracting	  domain.	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  2.6.3	  	  	  	  	  Super	  Conducting	  Quantum	  Interference	  Device	  (SQUID)	  
 
Magnetic	  measurements	  were	  obtained	  from	  a	  Quantum	  Design	  SQUID	  magnetometer	  with	  
a	  maximum	  field	  strength	  of	  ±	  70	  kOe	  (7	  Tesla).	  	  All	  measurements	  were	  made	  between	  ±	  50	  
kOe,	  at	  300	  K.	  
	  
At	  present,	  SQUID	  provides	  the	  highest	  resolution	  for	  the	  measurement	  of	  small	  magnetic	  
fields	  (10-­‐10	  gauss	  [13]).	  The	  SQUID	  consists	  of	  a	  super-­‐conducting	  ring,	  interrupted	  by	  small	  
insulating	   layers,	   referred	   to	   as	   ‘weak	   links’	   or	   Josephson	   junctions.	   	   The	   mechanism	   of	  
superconduction	  is	  well	  understood	  for	  low-­‐temperature	  materials,	  and	  occurs	  by	  means	  of	  
Cooper	  pairs	  [14].	  	  Cooper	  pairs	  are	  a	  pair	  of	  electrons	  that	  arise	  from	  indirect	  interactions	  
with	   one	   another	   as	   a	   result	   of	   their	   proximity	  with	   atomic	   nuclei	   in	   the	   superconductor	  
lattice.	   	  When	   an	   electron	   resides	   in	   a	   particular	   region	  of	   the	   solid,	   the	   nuclei	   there	   are	  
attracted	  to	   it,	  which	  results	   in	   local	  distortion	  of	  the	   lattice.	   	  This	  distortion	  of	  the	   lattice	  
around	  the	  electron	  creates	  a	  slight	  positive	  charge	  which	  can	  attract	  a	  second	  electron	  to	  
the	   region,	   resulting	   in	   a	   virtual	   attraction	   between	   the	   two	   electrons,	   allowing	   them	   to	  
move	   together	   as	   a	   pair.	   	   The	   local	   distortion,	   however,	   is	   readily	   disrupted	   by	   thermal	  
agitation	   of	   the	   lattice,	   which	   is	   why	   superconduction	   usually	   only	   occurs	   at	   very	   low	  
temperatures	  (below	  about	  10	  K).	  	  The	  Cooper	  pair	  is	  scattered	  less	  often	  than	  an	  individual	  
electron	  since	  the	  distortion	  caused	  by	  one	  electron	  can	  regroup	  the	  other	  electron	  should	  
it	  be	   scattered	  by	  a	   collision.	   	   This	   stability	  against	   scattering	  allows	  charge	   to	   flow	   freely	  
through	  the	  solid	  (with	  zero	  resistance)	  resulting	  in	  superconduction.	  	  Thus,	  once	  an	  electric	  
current	  is	  passed	  through	  the	  superconducting	  ring,	  a	  fixed	  magnetic	  flux	  also	  exists	  in	  the	  
ring.	   	   A	   typical	   SQUID	   is	   shown	   in	   Figure	   2.17	   below,	   showing	   a	   schematic	   diagram	   of	   a	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superconducting	   ring	   with	   two	   insertions	   of	   insulating	   material	   termed	   ‘weak	   links’,	   or	  
Josephson	  junctions.	  
	  
	  
	  
Figure	   2.17:	   Schematic	   diagram	   of	   a	   SQUID	   magnetometer	   consisting	   of	   a	   loop	   of	  
superconducting	  material	  interrupted	  by	  two	  weak	  links.	  
	  
	  
As	   mentioned	   above,	   a	   purely	   superconducting	   ring	   contains	   a	   fixed	   magnetic	   flux.	  	  
However,	   the	  Josephson	   junction	  (due	  to	   its	   insulating	  nature)	  enables	  the	  flux	  trapped	   in	  
the	  ring	  to	  change	  by	  discrete	  amounts	  as	  the	  Cooper	  pairs	  traverse	  it.	  	  This	  flow	  of	  current	  
across	   the	   Josephson	   junctions	   is	   characterised	   by	   the	   Josephson	   effect,	   which	   is	   an	  
example	  of	  ‘macroscopic	  quantum	  phenomenon’.	  	  A	  circuit	  schematic	  diagram	  of	  the	  SQUID	  
is	  presented	  below	  in	  Figure	  2.18.	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Figure	   2.18:	   SQUID	   circuit	   diagram	   where	   Ib	   is	   the	   bias	   current,	   I0	   critical	   current	   of	   the	  
SQUID,	   φ	   is	   the	   flux	   of	   the	   superconductor,	   V	   is	   the	   voltage	   response	   to	   the	   flux,	   and	   X	  
represent	  the	  Josephson	  junctions.	  
	  
	  
When	   a	   small	   external	   magnetic	   flux	   is	   applied	   to	   the	   SQUID,	   a	   screening	   current	   is	  
generated	  in	  the	  loop,	  which	  cancels	  the	  applied	  field.	  	  As	  the	  applied	  field	  is	  increased,	  so	  
too	  is	  the	  screening	  current.	  	  Once	  this	  reaches	  a	  critical	  value,	  a	  voltage,	  V,	  appears	  across	  
the	  Josephson	  junctions	  (see	  Figure	  2.18).	  The	  voltage	  is	  a	  function	  of	  the	  applied	  field	  and	  
varies	  periodically,	  with	  the	  periodicity	  equal	  to	  that	  of	  one	  flux	  quantum,	  𝜑0.	  	  This	  is	  shown	  
below	  in	  Figure	  2.19.	  
	  
Figure	  2.19:	  The	  periodic	  voltage	  response	  due	  to	  flux	  through	  a	  SQUID.	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Thus	  the	  change	   in	   flux	  can	  be	  calculated	  from	  change	   in	  the	  voltage	  across	  the	  SQUID	  as	  
follows:	   𝛥𝑉 = 𝑅𝛥𝐼  
	   	   	   	  	  	  	  	  	  	  	  	  2𝐼 = 2𝛥𝜑/𝐿	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝛥𝑉   = (𝑅/𝐿)𝛥𝜑  
	  
Where	  𝑅	  is	  known	  as	  the	  shunt	  resistance,	  𝐼	  is	  the	  current	  and	  𝐿	  is	  the	  self	  inductance	  of	  the	  
superconducting	  ring.	  
	  
SQUID	   is	   a	   powerful	   technique	   that,	   along	   side	   x-­‐ray	   and	   electron-­‐diffraction,	   yields	  
information	  about	   the	  magneto-­‐crystalline	  structure	  of	  a	  magnetic	  material,	  and	   indicates	  
the	   underlying	   crystalline	   phases	   present	   in	   an	   alloy	   (i.e.	   whether	   there	   are	   cubic	   or	  
tetragonal	   phases	   present).	   	   The	   co-­‐existence	   of	   different	   phases	   appear	   as	   ‘kinks’	   or	  
distortions	   in	   the	   shape	   of	   the	   hysteresis	   loops,	   and	   can	   be	   used	   to	   follow	   the	  
transformation	   from	   a	  magnetically	   soft	  material	   (e.g.	   cubic	   FePt)	   to	   a	  magnetically	   hard	  
material	  (e.g.	  tetragonal	  FePt).	  	  The	  information	  obtained	  from	  SQUID	  hysteresis	  loops	  also	  
enables	  an	  assessment	  of	  the	  suitability	  of	  a	  magnetic	  material	  for	  use	  in	  magneto-­‐thermal	  
calorimetry,	   since	   the	   area	   circumscribed	   within	   the	   hysteresis	   loop	   during	   the	  
magnetisation-­‐demagnetisation	  cycle	  is	  proportional	  to	  the	  amount	  of	  energy	  absorbed	  per	  
oscillation	  in	  an	  alternating-­‐field	  calorimeter	  which	  is	  dissipated	  as	  thermal	  energy.	  
	  
	  
	  
	  
	  
	  
77	  
2.6.4	  	  	  	  Differential	  Scanning	  Calorimetery	  (DSC)	  
 
DSC	  measurements	  were	  made	  with	  a	  Perkin	  Elmer	  DSC	  7	  at	  a	  scan	  rate	  of	  10	  °C	  per	  minute	  
between	   25	   –	   600	   °C	   on	   samples	   suspended	   in	   an	   inert	   (N2)	   atmosphere	   contained	   in	  
crimped	  aluminium	  pans.	  
	  
Differential	  Scanning	  Calorimetry	  (DSC)	  was	  used	  to	  study	  the	  ordering	  of	  the	  alloys.	  	  Phase	  
transformations	   in	  materials	   are	  accompanied	  by	  energy	   changes	  and	   the	  ordering	  of	   the	  
alloys	  requires	  energy	  which	  appears	  as	  endothermic	  peaks	  in	  the	  DSC	  plots.	  	  DSC	  was	  used	  
to	   compliment	   data	   from	   the	   XRD,	   since	   the	   occurrence	   of	   phase	   changes	   during	   the	  
thermally	   driven	   formation	   of	   ordered	   crystallographic	   phases	   were	   confirmed	   by	  
endothermic	  peaks	  in	  the	  DSC	  at	  corresponding	  temperatures.	  	  	  
DSC	  was	  also	  used	  to	  follow	  the	  decrease	  in	  phase	  transition	  temperature	  as	  dopant	  atoms	  
were	  included	  in	  the	  alloy	  formulations.	  	  	  
	  
	  
2.6.5	  	   Radio-­‐Frequency	  Alternating	  Current	  (RF-­‐AC)	  Magneto-­‐Thermal	  
Micro	  Calorimetry	  	  
	  
 
A	   purpose-­‐built	   micro	   calorimeter,	   described	   in	   detail	   in	   Chapter	   4	   of	   this	   thesis,	   was	  
constructed	  from	  a	  zinc	  ferrite	  core	  with	  dimensions	  of	  30	  mm	  x	  30	  mm	  in	  the	  shape	  of	  a	  
square	  annulus	  with	  a	  15	  mm	  air	  gap	  in	  which	  to	  place	  the	  sample	  (Figure	  4.7).	  	  The	  ferrite	  
annulus	  was	  magnetised	  by	  wrapping	  10	  winds	  of	  Litz	  wire	  (134	  strand,	  1.05	  mm2)	  around	  it,	  
producing	   a	  magnetic	   field	   in	   the	   centre	   of	   the	   air	   gap	   of	   around	   4	   kA/m	   (~5	  mT).	   	   The	  
electromagnet	   was	   energised	   from	   a	   Hewlett	   Packard	   model	   4192A	   (5	   Hz	   -­‐	   13	   MHz)	   LF	  
Impedance	   Analyser	   which	   was	   set	   to	   supply	   an	   oscillating	   current	   at	   499.5	   kHz	   with	   an	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amplitude	  of	  0.7	  V.	  	  The	  sample	  holders	  were	  constructed	  out	  of	  two	  quartz	  NMR	  tubes	  with	  
one	   tube	   as	   the	   reference	   tube	   and	   the	   other	   as	   the	   sample	   tube.	   	   Two	   K-­‐type	  
thermocouples	   were	   fed	   into	   the	   tubes	   in	   series	   and	   of	   opposite	   configuration	   (i.e.	   cold	  
junction	   to	   cold	   junction)	   such	   that	   any	   voltage	   induced	   in	   one	   thermocouple	   by	   the	   AC	  
magnetic	  field	  would	  be	  cancelled	  by	  that	  from	  the	  other	  thermocouple.	  	  The	  outputs	  from	  
the	   thermocouples	   were	   fed	   into	   a	   Keithley	   M2700	   Digital	   Multimeter	   and	   the	   voltages	  
recorded	  by	  a	  Microsoft	  Excel	  plug-­‐in	  (ExceLinx)	  from	  which	  temperature-­‐time	  behaviour	  of	  
the	  magnetic	  nanoparticles	  in	  oscillating	  magnetic	  fields	  could	  be	  obtained.	  	  	  
	  
2.6.6	   	  	  UV-­‐Visible	  Spectrophotometry	  
 
UV-­‐Visible	   spectroscopy	   was	   performed	   with	   a	   Cary	   500	   Scan	   UV-­‐Visible-­‐NIR	  
spectrophotometer	   (Varian	  Australia),	  on	   samples	   contained	   in	  plastic	   cuvettes	  with	  a	  0.2	  
cm	  path-­‐length.	  	  	  
In	  this	  study,	  UV-­‐Visible	  spectroscopy	  was	  used	  to	  probe	  the	  stability	  of	  the	  dispersions	  of	  
annealed	   nanoparticles	   by	   monitoring	   the	   intensity	   of	   transmitted	   radiation	   through	   the	  
cuvette.	   	   The	   average	   intensity	   of	   transmitted	   radiation	   between	   600	   and	   650	   nm	   was	  
recorded	   every	   5	   minutes	   over	   a	   period	   of	   several	   hours	   as	   a	   visual	   aid	   to	   indicate	   the	  
stability	  of	  the	  nanoparticle	  dispersions.	  	  
	  
Normally,	   UV-­‐Visible	   spectroscopy	   of	   metallic	   nanoparticles	   is	   employed	   to	   study	   the	  
surface	  plasmon	   resonance	  using	   incident	   radiation	   in	   the	  UV-­‐visible	  wavelength	   range	  as	  
first	   explored	   by	   Mie	   [15].	   	   However,	   for	   nanoparticles	   composed	   of	   Noble	   metals	   or	  
transition	  metal	  alloys	  containing	  Fe,	  Pt,	  Co	  and	  their	  alloys,	  the	  plasmon	  excitation	  occurs	  
	  
	  
79	  
outside	   the	   wavelength	   range	   used	   here	   [16],	   and	   hence	   UV-­‐visible	   spectroscopy	   was	  
appropriate	  as	  a	  probe	  for	  nanoparticle	  dispersibility.	  	  
	  
2.6.7	  	  	  Raman	  Spectroscopy	  	  
 
 
Raman	  spectra	  were	  recorded	  on	  solid	  powder	  samples	  supported	  on	  a	  silver	  mirror	  using	  a	  
Perkin	  Elmer	  Station	  400	  with	  a	  laser	  operating	  at	  795	  nm	  and	  250	  mW,	  with	  scan	  times	  of	  1	  
second	  and	  averaged	  over	  20	  to	  60	  scans	  between	  800	  and	  200	  cm-­‐1.	  
Raman	  spectroscopy	  is	  a	  vibrational	  and	  rotational	  absorption	  spectroscopic	  technique	  that,	  
like	   all	   emission	   and	   absorption	   spectroscopy	   is	   concerned	   with	   the	   energy	   levels	   of	  
molecules,	  and	  is	  widely	  used	  to	  characterise	  carbonaceous	  materials	  such	  as	  graphite	  and	  
graphene.	  	  	  
	  
In	   Raman	   spectroscopy,	   like	   other	   spectroscopic	   techniques,	   the	   absorption	   of	   incident	  
radiation	  is	  monitored	  as	  the	  spectrometer	  sweeps	  across	  a	  range	  of	  frequencies.	  	  Since	  the	  
energy	   of	   the	   photon	   absorbed	   is	   hν,	   it	   follows	   that	   the	   frequency,	   ν,	   of	   the	   absorbed	  
radiation	  can	  be	  determined,	  and	  the	  corresponding	  energy	  transition	  within	  the	  molecule	  
that	  it	  interacted	  with	  will	  be	  given	  by	  the	  Bohr	  frequency	  condition:	  ℎ𝜈 = |𝐸! − 𝐸!|	  
	  
where	  E1	  and	  E2	  are	  the	  energy	  levels	  involved	  in	  the	  absorption	  of	  the	  photon	  of	  energy	  hν.	  	  
By	  studying	  the	  frequencies	  present	  in	  the	  scattered	  radiation,	  Raman	  spectroscopy	  is	  able	  
to	  provide	   information	  regarding	  the	  different	  vibrational	  and	  rotational	  energy	   levels	   in	  a	  
given	  sample,	  as	  depicted	  in	  Figure	  2.20,	  below.	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Figure	  2.20:	  Raman	  scattering	  of	  an	  incident	  photon,	  whereby	  the	  molecule	  is	  first	  excited	  
to	  a	   range	  of	  different	  higher	  vibrational	  energy	   states	   (represented	  by	   the	   shaded	  band)	  
before	   relaxing	   to	   a	   lower	   energy	   vibrational	   level	   and	   transferring	   that	   energy	   into	   an	  
emitted	  photon	  as	   it	  scatters.	   (ν0, ν1, ν2 represent	  ground	  state	  vibrational	   levels	  and	  ν∗ are	  
excited	  vibrational	  states.)  
 
 
Raman	  spectroscopy	  was	  performed	  on	  the	  annealed	  nanoparticle	  surfaces	  to	   identify	  the	  
nature	  of	  the	  carbonaceous	  coating	  present	  as	  a	  by-­‐product	  of	  the	  synthesis.	  	  Under	  certain	  
annealing	   conditions,	   and	   in	   the	   case	   of	   the	   modified	   synthesis,	   (see	   section	   2.4.1)	   the	  
surface	  carbon	  was	  found	  to	  pyrolyse	  to	  form	  graphite,	  which	  exhibited	  the	  characteristic	  D	  
and	   G	   bands	   in	   the	   Raman	   spectra	   as	   shown	   in	   Figure	   2.5,	   page	   50.	   Thus,	   Raman	  
spectroscopy	  was	  used	  as	  a	  diagnostic	  tool	  to	  identify	  the	  carbon	  shell	  encasing	  each	  alloy	  
nanoparticle.	  	  
	  
	  
	  
	  
	  
	  
81	  
2.6.8	  	  	  	  	  X-­‐Ray	  Photo	  Electron	  Spectroscopy	  (XPS)	  
 
XPS	  measurements	  were	  recorded	  on	  solid	  samples	  supported	  on	  metal	  plates	  in	  a	  metal	  
well,	  with	  a	  Thermo	  K-­‐alpha	  X-­‐ray	  Photoelectron	  Spectrometer.	  
XPS	  is	  a	  surface	  technique	  generally	  employed	  to	  diagnose	  the	  oxidation	  state	  of	  atoms	  in	  
metallic	  samples	  and	  the	  nature	  and	  identity	  of	  chemical	  bonding	  in	  a	  material.	  	  In	  this	  work	  
it	  was	  also	  employed	  to	  explore	  the	  nature	  of	  the	  organic	  functional	  groups	  (hydrophilic	  or	  
hydrophobic)	  formed	  on	  the	  surface	  of	  the	  metal	  alloy	  nanoparticles	  during	  annealing.	  	  	  	  
	  
2.6.9	  	  	  	  Thermo-­‐gravimetric	  Analysis	  (TGA)	  
 
TGA	  measurements	  were	  made	  on	  a	  Perkin	  Elmer	  TGA	  7	  Thermogravimetric	  Analyser	  which	  
supplied	   heat	   a	   rate	   of	   10	   °C	   per	   minute	   on	   samples	   supported	   in	   platinum	   pans	   in	   a	  
nitrogen	  or	  air	  atmosphere.	  
	  
Thermo-­‐gravimetric	   analysis	   (TGA)	   was	   used	   in	   this	   thesis	   to	   estimate	   the	   amount	   of	  
surfactant	  coating	  which	  remained	  on	  the	  surface	  of	  the	  metallic	  nanoparticles.	  	  While	  the	  
particles	  are	  thoroughly	  washed	  during	  the	  synthesis,	  a	  monolayer	  of	  surfactant	  molecules	  
chemisorbs	   to	   the	   surface	   and	   it	   was	   observed	   that	   the	   “as	   synthesised”	   nanoparticles	  
possessed	   some	   30	   %	   extra	   mass	   attributed	   to	   the	   surfactants,	   which	   resulted	   in	   a	  
multiplication	  factor	  of	  1.3	  to	  be	   implemented	  on	  the	  magnetic	  and	  caloric	  calculations	  to	  
account	  for	  the	  non-­‐magnetic	  mass.	  	  This	  approach	  has	  been	  documented	  in	  the	  literature;	  
Seehra	  et	  al	   [17]	  observed	  that	   the	  surfactant	   residue	   (oleic	  acid)	   remaining	  on	  their	  FePt	  
nanoparticles,	  after	  annealing,	  necessitated	  a	  multiplication	  factor	  of	  1.33	  for	  the	  magnetic	  
mass	  to	  account	  for	  the	  mass	  of	  the	  non-­‐magnetic	  surfactant.	  	  Figure	  2.21	  provides	  a	  typical	  
plot	   of	   sample	   mass	   against	   temperature	   of	   a	   thoroughly	   dried,	   “as-­‐synthesised”	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nanoparticle	  sample	  heated	  in	  air,	  to	  pyrolyse	  and	  subsequently	  remove	  the	  AOT	  surfactant	  
layer.	  	  	  
	  
	  
Figure	  2.21:	  Typical	  TGA	  plot	  of	  “as-­‐synthesised”	  CoFePt	  nanoparticles	  heated	  in	  air.	  
	  
It	   can	  be	  seen	   in	  Figure	  2.21,	   that	  after	  heating	   to	  800	  °C	   in	  an	  air	  environment,	   the	   final	  
mass	  is	  around	  75%	  the	  original	  dried	  mass	  (i.e.	  the	  original	  mass	  is	  a	  factor	  of	  about	  1.33	  
times	  heavier).	  This	  mass	   is	  attributed	  to	  the	  AOT	  residue,	  which	   is	  believed	  to	  have	  been	  
removed	  as	  volatile	  organic	  compounds	  at	  this	  temperature.	  
	  
	  
2.6.10	  	  	  	  Dynamic	  Light	  Scattering	  (DLS)	  
 
DLS	   measurements	   were	   recorded	   on	   an	   ALV	   Fast	   DLS	   particle	   sizing	   spectrometer	   in	  
aqueous	  media	  with	  various	  dispersing	  agents:	  low	  molecular	  weight	  dextran	  (Mr	  =	  10	  kDa),	  
taurine	   (Sigma	   Aldrich,	   minimum	   99%),	   and	   tetramethyl	   ammonium	   hydroxide	  
pentahydrate	  (Sigma	  Aldrich	  97	  %)	  (0.1	  –	  0.5	  M).	  	  A	  typical	  sample	  for	  DLS	  was	  prepared	  by	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adding	   ~	   5	  mg	   dry	   nanoparticle	   powder	   to	   1	  mL	   of	   dispersing	   agent	   solution	   (5	  mg/mL),	  
followed	   by	   sonication,	   and	   then	   dilution	   to	   5	   mL	   in	   Milli-­‐Q	   water	   and	   finally	   passage	  
through	  a	  0.45	  μm	  nylon	  filter.	  	  	  
In	   the	   high	   frequency	   AC	   magneto-­‐thermal	   calorimetry	   studied	   in	   this	   thesis,	   single	  
dispersed	   particles	   are	   required	   so	   that	   the	   magnetic	   phenomena	   can	   be	   modelled	  
appropriately.	  
Dynamic	   Light	   Scattering	   is	   an	   appropriate	   technique	   to	   study	   the	   dispersibility	   of	  
nanoparticles	   in	   solution.	   	   While	   particle	   suspensions	   can	   be	   stable,	   light	   scattering	   is	  
employed	   to	   see	   if	   the	   suspension	   is	   composed	   of	   individually	   dispersed	   particles,	   or	  
aggregates	  with	  agglomerated	  chunks	  of	  multiple	  particles.	  	  	  
Dynamic	   light	   scattering	   relies	   on	   Raleigh	   scattering,	   with	   the	   Rayleigh	   ratio,	   Rθ,	   being	   a	  
measure	  of	  the	  intensity	  of	  scattered	  light	  at	  a	  particular	  angle,	  θ,	  expressed	  mathematically	  
as:	  
𝑅! = 𝐼𝐼!× 𝑟!𝑠𝑖𝑛!𝜙	  
	  
where	   I	   is	   the	   intensity	   of	   scattered	   light,	   I0	   is	   the	   intensity	   of	   the	   incident	   light,	   r	   is	   the	  
distance	   between	   the	   sample	   and	   the	   detector,	   ϕ	   is	   the	   angle	   between	   the	   plane	   of	  
polarisation	   of	   the	   incident	   beam	   and	   the	   plane	   defined	   by	   the	   incident	   and	   scattered	  
beams.	  	  From	  this	  curve,	  modelling	  allows	  determination	  of	  particle	  size.	  	  
For	   the	   purpose	   of	   this	   study,	   DLS	  was	   used	   to	   determine	   the	   hydrodynamic	   radii	   of	   the	  
dispersed	  nanoparticles	  which	  was	  required	  for	  further	  calculations	  involving	  the	  Néel	  and	  
Brown	  relaxation	  times	  (Section	  5.1).	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2.6.11	  	  	  	  Fourier	  Transform	  Infrared	  (FTIR)	  Spectroscopy	  
 
FTIR	  spectra	  of	  the	  nanoalloy	  surface	  were	  obtained	  from	  a	  PerkinElmer	  Spotlight	  400	  over	  
the	  wavenumber	  range	  of	  800	  –	  2000	  cm-­‐1	  using	  samples	  supported	  on	  the	  attenuated	  total	  
reflectance	  (ATR)	  stand.	  
FTIR	  spectroscopy	  (or	  absorbance	  spectroscopy)	  provided	  vibrational	  data	  which	  was	  used	  
to	  characterise	  the	  nature	  of	  the	  surfactant	  residue	  on	  the	  nanoparticle	  surface.	  
	  
	  
2.6.12	  	  	  	  	  Contact	  Angle	  Measurements	  	  
	  
Contact	   angle	   measurements	   were	   performed	   at	   room	   temperature	   on	   a	   Data	   Physics	  
OCA20	  instrument.	  	  The	  samples	  were	  prepared	  by	  pressing	  the	  	  nanoparticle	  powders	  into	  
disks	   using	   a	   die	   press	   similar	   to	   that	   used	   in	   the	   production	   of	   KBr	   disks	   for	   FTIR	  
spectroscopy.	  	  Figure	  2.22	  presents	  a	  typical	  result,	  where	  it	  can	  be	  seen	  that	  the	  graphitic	  
coating	   exhibits	   a	   large	   contact	   angle	   (>90°)	   with	   water,	   indicating	   that	   the	   surfaces	   are	  
hydrophilic	  and	  polar.	  
	  
 
Figure	   2.22:	   Typical	   contact	   angle	   measurement	   performed	   on	   a	   disk	   of	   pressed	   Fe93Ag7	  
nanoparticles	  annealed	  at	  600	  °C,	  with	  contact	  angle	  of	  124.2	  °.	  
	  
	  
	  
	  
124.2°	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2.6.13	  	   	  Zeta	  Potential	  
 
The	   likelihood	  of	   forming	  a	   stable	   suspension	  of	  particulate	  matter	   can	  be	   judged	   from	  a	  
measurement	  of	   the	  particles’	   surface	  charge	   (Zeta	  potential).	   	   The	  Zeta	  potentials	  of	   the	  
graphitised	  nanoalloys	  were	  determined	  in	  aqueous	  suspensions	  at	  room	  temperature	  on	  a	  
Malvern	   Zetasizer	   Z	   on	   dilute	   dispersions	   (0.01	   wt	   %)	   in	   deionised	   water.	   The	   results	  
indicated	   that	   the	   graphitised	   nanoparticles	   displayed	   relatively	   large	   negative	   surface	  
charge	  (~-­‐20	  to	  -­‐30	  mV),	  suggesting	  they	  would	  be	  capable	  of	  forming	  stable	  suspensions	  in	  
polar	  media	  such	  as	  water	  or	  SPAN85.	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CHAPTER	  3	  	  	  	  
	  
CHARACTERISATION	  OF	  FePt	  and	  CoFePt	  ALLOY	  NANOPARTICLES	  
DOPED	  WITH	  Ag	  
	  
3.1	   	  Introduction	  
	  
Pileni	  first	  synthesised	  metallic	  (cobalt)	  nanoparticles	  via	  a	  reverse	  micelle	  approach	  [1],	  and	  
since	  then	  various	  others	  have	  elaborated	  on	  this	  work	  as	  reviewed	  by	  Ganguli	  et	  al.	  [2]	  and	  
in	   particular	   Hussein	   et	   al.	   [3-­‐4]	   who	   studied	   the	   micelle-­‐based	   synthesis	   of	   CoPt	  
nanoparticles.	   	   For	   crystalline	   nanomaterials	   such	   as	   the	   binary	   (Fe50Pt50)	   and	   ternary	  
((Co80Fe20)50Pt50))	  nanoalloys	  studied	  here,	  annealing	  is	  required	  to	  produce	  the	  appropriate	  
crystalline	  phase	  and	  intrinsic	  magnetic	  properties.	  The	  results	  in	  this	  chapter	  describe	  the	  
transformations	  of	  the	  initially	  amorphous	  nano-­‐sized	  particles	  consisting	  of	   loosely	  bound	  
metal	   atoms	   as	   they	   transition	   into	   nano-­‐sized	   alloys	   during	   annealing-­‐induced	   crystal	  
formation.	   	   	  As	  noted	   in	  the	   literature,	  the	  high	  annealing	  temperatures	  required	  to	  reach	  
the	   chemically	   ordered	   L10	   phase	   of	   FePt	   and	   CoPt	   facilitates	   unwanted	   inter-­‐particle	  
sintering	   and	   particle	   growth.	   	   Insoluble	   phases	   are,	   as	   a	   result,	   often	   homogeneously	  
incorporated	  into	  the	  alloy	  composition,	  and	  upon	  annealing	  undergo	  thermal	  deportation,	  
creating	  vacancies	  in	  the	  crystal	  lattice	  which	  allow	  the	  constituent	  atoms	  to	  rearrange	  into	  
the	  chemically	  ordered	  L10	  alloy	  at	  lower	  temperatures	  than	  would	  otherwise	  be	  achieved.	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The	  work	  of	  Kitakami	  with	  L10	  CoPt	  is	  an	  example	  of	  this	  with	  Sn,	  Pb,	  Sb	  and	  Bi	  dopants	  [5].	  	  
Silver	  is	  similarly	  employed	  in	  FePt	  [6]	  and	  CoPt	  [7]	  based	  alloys,	  where	  it	  has	  the	  advantage	  
over	  dopants	  such	  as	  Pb	  and	  Sb	  since	  it	  is	  relatively	  non-­‐toxic	  in	  the	  human	  body,	  allowing	  
in-­‐vivo	   applications	   of	   such	   nanoparticles.	   	   The	   L10	   phase	   of	   FePt	   and	   CoPt	   alloys	   is	  
responsible	   for	   very	   large	  magneto-­‐crystalline	   anisotropies:	   about	   7	   x	   106	   kJ/m3	   (7	   x	   107	  
erg/cm3)	  for	  FePt,	  and	  about	  5	  x	  106	  kJ/m3	  (5	  x	  105	  erg/cm3)	  for	  CoPt.	  	  In	  comparison,	  Fe2O3	  
has	  a	  magneto-­‐crystalline	  anisotropy	  of	  about	  10	  x	  104	  kJ/m3	  (10	  x	  105	  erg/cm3).	  	  The	  role	  of	  
silver	   doping	   in	   the	   FePt	   and	   CoFePt	   ordering	   kinetics	  will	   be	   explored	   in	   this	   chapter	   as	  
shown	  in	  Figures	  3.7-­‐8	  and	  3.39-­‐40,	  respectively.	  
This	  Chapter	  aims	  to	  outline	  the	  characterisation	  of	  FePt	  (binary)	  and	  CoFePt	  (ternary)	  alloy	  
nanoparticles,	   with	   varying	   Ag-­‐dopant	   metal	   concentrations,	   and	   provide	   detailed	  
explanations	   for	   the	   different	   phenomena	   that	   are	   observed	   as	   a	   result	   of	   the	   degree	   of	  
crystallinity	  achieved	  at	  different	  annealing	  temperatures	  and	  dopant	  concentrations.	  	  	  
Two	  different	  Ag	  concentrations	  were	  selected:	  7	  atom	  %	  (which	  is	  the	  identified	  solubility	  
limit	  of	  Ag	  in	  the	  L10	  phase	  of	  FePt	  [8])	  and	  15	  atom	  %	  (which	  has	  been	  identified	  being	  the	  
optimum	  Ag	  concentration	  to	  facilitate	  conversion	  of	  FePt	  from	  the	  A1	  to	  L10	  phase	  [9]).	  The	  
annealing	  temperatures	  in	  these	  studies	  ranged	  from	  100	  °C	  to	  600	  °C.	  
	  The	  effect	  of	  crystallinity	  on	  the	  observed	  nanoparticle	  magneto-­‐crystalline	  phenomena	  can	  
be	  considered	  as	  a	  ‘bottom	  up’	  construction	  of	  the	  nanoparticle,	  with	  one	  magnetic	  spin	  at	  
a	  time	  entering	  the	  correct	  lattice	  position.	  	  A	  nanoparticle	  of	  FePt,	  or	  CoPt	  can,	  depending	  
on	   its	   crystallinity,	   exhibit	   para-­‐,	   superpara-­‐	   or	   ferro-­‐magnetism.	   	   As	   will	   be	   seen	   in	   the	  
following	  sections,	  an	  ‘as-­‐synthesised’	  nanoparticle	  of	  FePt(Ag)	  or	  CoFePt(Ag)	  displays	  only	  
minimal	  magnetisation	  (from	  the	  individual,	  non-­‐interacting,	  paramagnetic	  Fe	  or	  Co	  atoms),	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even	  when	  the	  external	  applied	  field	  strength	  is	  relatively	  high;	  in	  other	  words,	  only	  a	  small	  
proportion	  of	  the	  magnetic	  spins	  will	  align	  with	  a	  field	  of	  around	  15.9	  kA/m	  (199.8	  Oe),	   in	  
such	   circumstances	   the	   observed	   magnetism	   is	   of	   the	   order	   of	   1	   or	   2	   emu/gram	   of	  
nanoparticles.	   	   After	   mild	   annealing	   i.e.	   temperatures	   below	   300	   °C,	   the	   alloys	   become	  
partially	  ordered,	  which	  allows	   some	   ‘exchange	   interaction’	   	  between	  magnetic	   spins	   [10]	  
(Figure	  3.79	  in	  the	  Discussion	  Section):	  one	  spin	  can	  align	  another	  spin,	  resulting	  in	  a	  greater	  
observed	  magnetism	  of	  the	  material	  at	  the	  same	  given	  applied	  external	  field	  strength	  (e.g.	  
about	   10	   emu/gram	   of	   nanoparticles).	   	   Further	   heat	   treatment	   and	   subsequent	   chemical	  
ordering	   enhances	   the	   exchange	   interaction	   between	   the	   magnetic	   spins,	   thus	   allowing	  
greater	   magnetisation	   of	   the	   sample	   at	   the	   same	   given	   field	   (about	   20	   emu/gram	   of	  
nanoparticles	   at	   20	   kOe).	   	   This	   can	   be	   seen	   in	   Figures	   3.85	   and	   3.86	   for	  
[(Co80Fe20)50Pt50]93Ag7	  nanoalloys.	  	  The	  above	  phenomenon	  was	  first	  explored	  by	  Weiss	  [11]	  
in	  the	  first	  formal	  explanation	  of	  ferromagnetism	  and	  then	  also	  by	  Heisenberg	  [12].	  	  	  
	  
3.2	  	   Characterisation	  and	  Properties	  of	  Binary	  FePt	  Nanoalloys	  
	  
3.2.1	   	  	  X-­‐Ray	  Diffraction	  of	  Silver	  Doped	  FePt	  Nanoparticles	  
	  
FePt,	  [FePt]93Ag7	  and	  [FePt]85Ag15	  Nanoalloys	  
	  
It	   is	   well	   documented	   that	   Ag,	   acting	   as	   a	   dopant	   in	   the	   FePt	   lattice	   of	   thin	   films	   and	  
nanoparticles,	   acts	   to	   lower	   the	   phase	   transition	   temperature	   from	   the	  magnetically	   soft	  
face-­‐centred	  cubic	  (fcc)	  phase,	  to	  the	  magnetically	  hard	  face-­‐centred	  tetragonal	  (fct)	  phase.	  	  
The	  effect	  of	  the	  dopant	  on	  subsequent	  chemical	  ordering	  depends	  on	  the	  amount	  added	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[6].	   	   In	   the	   present	   work,	   two	   Ag	   concentrations	   were	   chosen	   to	   probe	   the	   Ag	   mobility	  
within	  the	  FePt	  lattice	  and	  its	  effects	  on	  consequent	  ordering	  of	  the	  nanoalloy.	  	  Wang	  et	  al.	  
[8]	  identified	  the	  solubility	  limit	  of	  Ag	  within	  the	  fct	  phase	  of	  FePt	  as	  6.9	  atom%,	  and	  as	  such	  
7	  atom%	  Ag	  was	  selected	  as	   the	   lower	  Ag	  dopant	  concentration	   in	   this	  work.	   	  Kang	  et	  al.	  
[13]	  prepared	  Ag-­‐doped	  FePt	  nanoparticles	  via	   the	  polyol	  process,	  and	   lowered	  the	  phase	  
transition	   temperature	   by	   150	   °C	  with	   12	   atom%	  Ag	   doping	   (they	   prepared	   compositions	  
with	   dopants	   ranging	   from	   2	   –	   14	   atom%),	   achieving	   conversion	   to	   the	   fct	   phase	   after	  
annealing	  at	  400	  °C	  as	  evidenced	  by	  the	  emergence	  of	  FePt	  super	  structure	  (001)	  and	  (110)	  
reflections	   alongside	   cubic	   Ag	   reflections	   in	   the	   XRD.	   	   In	   this	   work,	   a	   slightly	   higher	   Ag	  
concentration	  of	  15	  atom%	  was	  chosen	  on	  the	  basis	  of	  results	  reported	  in	  a	  later	  paper	  by	  
the	   same	   authors	   [6],	   who	   observed	   this	   Ag	   concentration	  within	   chemically	   synthesised	  
FePt	  nanoparticles	  to	  be	  superior.	   	  Accordingly,	  Ag	  doping	   levels	  of	  7	  and	  15	  atom%	  were	  
selected	  for	  the	  two	  concentrations	  for	  the	  nanoparticles	  prepared	  in	  this	  work.	  	  	  
The	   preparation	   of	   the	   FePt	   nanoalloys	   (with	   and	   without	   silver	   doping)	   followed	   the	  
processes	  outlined	  in	  Sections	  2.1.2	  and	  2.2.2.	  	  	  	  The	  evolving	  crystal	  structures	  were	  studied	  
utilising	   x-­‐ray	   diffraction,	   as	   shown	   in	   Figures	   3.1,	   3.2	   and	   3.4,	   below,	   which	   gives	   the	  
stacked	  XRD	  patterns	  with	  annealing	  temperatures	  increasing	  from	  100	  °C	  to	  600	  °C.	  	  	  
The	  phase	  transformations	  for	  the	  FePt	  nanoalloy	  without	  Ag	  are	  presented	  in	  the	  XRD	  data	  
of	  Figure	  3.1,	  where	  the	  nanoparticles	  are	  observed	  to	  be	  amorphous	  in	  their	  as-­‐synthesised	  
state,	  and	  begin	  to	  order	  at	  about	  200	  °C.	  	  After	  annealing	  at	  300	  °C,	  the	  transition	  to	  the	  A1	  
pseudo-­‐cubic	  structure	  (Fe	  and	  Pt	  atoms	  occupying	  random	  cubic	  sites)	  is	  evident,	  and	  the	  
lattice	  parameter	  calculated	  to	  be	  a	  =	  3.8778	  ±	  0.00018	  Å.	   	  This	  scenario	   is	  marked	  “A”	   in	  
Figure	  3.1.	  At	  higher	  annealing	  temperatures	  mixed	  A1/L10	  phases	  are	  present	  (marked	  as	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“B”	   in	  Figure	  3.1)	  and	   lattice	  parameters	   for	   the	  A1	  phase	  are	  present,	  with	  a	  =	  3.8311	  ±	  
0.00013	  Å	  coexisting	  alongside	  fct	  lattices	  with	  dimensions	  of	  a	  =	  3.8345	  ±	  0.00017	  Å,	  and	  c	  
=	   3.7893	   ±	   0.0013	  Å.	   	   At	   600	   °C	   the	   L10	   phase	   of	   FePt	   is	   clearly	   visible,	   and	   the	   unit	   cell	  
parameters	  were	  calculated	  to	  be	  a	  =	  3.8334	  ±	  0.00013	  Å,	  c	  =	  3.7221	  ±	  0.00013	  Å,	  which	  is	  
labelled	  as	  “C”	  in	  Figure	  3.1.	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The	  crystallography	  of	  the	  FePt	  system	  doped	  with	  7	  atom%	  silver	  is	  presented	  in	  Figure	  3.2,	  
where	  the	  cubic	  silver	  reflections	  become	  evident	  after	  annealing	  temperatures	  of	  400	  °C,	  
and	  are	  indicated	  by	  the	  red	  font.	  	  	  The	  onset	  of	  crystallisation	  of	  the	  FePt	  lattice	  with	  this	  
level	  of	  silver	  doping	  is	  increased	  by	  about	  100	  °C	  when	  compared	  to	  that	  of	  the	  FePt	  alone,	  
as	  in	  Figure	  3.1.	  The	  first	  observable	  reflections	  occur	  after	  the	  sample	  is	  annealed	  at	  300	  °C,	  
where	  the	  lattice	  constant	  is	  calculated	  to	  be	  a	  =	  3.8479	  ±	  0.00015	  Å.	  	  After	  annealing	  at	  550	  
°C,	   the	   reflection	  at	  41°	  2θ	   	  deconvoluted	   into	   two	  peaks	   identified	  as	  arising	   from	  silver-­‐
doped	  A1	  FePt	  (at	  lower	  angles	  of	  2θ,	  41.10°,	  and	  lattice	  parameter	  a	  =	  3.8382	  ±	  0.00013	  Å),	  
and	  the	  other,	  from	  ordered	  L10	  FePt	  (at	  higher	  angles	  of	  2θ,	  41.41°,	  and	  lattice	  parameters	  
a	  =	  3.8480	  ±	  0.00015	  Å,	  c	  =	  3.7162	  ±	  0.00046	  Å).	  	  After	  subsequent	  annealing	  at	  600	  °C,	  the	  
reflection	  deconvoluted	  into	  a	  peak	  located	  at	  40.9483°	  attributed	  to	  Ag-­‐stabilised	  A1	  FePt	  
(a	  =	  3.8326	  ±	  0.00013	  Å)	  and	  a	  peak	  located	  at	  41.4087°	  attributed	  to	  L10	  FePt	  (a	  =	  3.8480	  ±	  
0.00015	  Å,	  c	  =	  3.7162	  ±	  0.00046	  Å),	  it	  will	  be	  noted	  that	  while	  the	  deconvoluted	  peaks	  are	  
near	   identical,	   it	   is	   the	   intensity	   of	   the	   two	   that	   changes	   from	   550	   to	   600	   °C,	   the	   latter	  
having	   an	   increased	   intensity	   for	   L10	   FePt	   than	  A1	   FePt.	   	   These	   reflections	   are	   coincident	  
with	  AgPt	  alloys	  [14]	  (which	  have	  their	  fundamental	  reflection	  occurring	  at	  about	  40°	  in	  2θ),	  
which	  have	  been	  used	  to	   facilitate	  the	  conversion	  of	  A1	  to	  L10	  FePt.	  Wen	  et	  al.	  deposited	  
metastable	  Ag35Pt65	  thin	  film	  layers	  between	  Fe	  layers	  of	  similar	  thickness	  to	  promote	  and	  
study	   their	   transformation	   into	   the	   L10	   phase	   of	   FePt	   [15].	   However,	   in	   chemically	  
synthesised	   nanoparticles,	   interstitial	   silver	   alloys	   are	   unlikely	   to	   form	   due	   to	   the	   size	  
differences	  between	  the	  larger	  Ag	  atoms	  with	  the	  smaller	  Fe	  and	  Pt	  atoms	  (0.150	  nm,	  0.145	  
nm	  and	  0.135	  nm,	  respectively)	  and	  hence	  Ag	  segregates	  as	  a	  separate	  phase,	  as	  evidenced	  
by	  the	   indexed	  fcc	  Ag	  reflections	   in	  Figures	  3.2	  and	  3.4.	   	   In	  FePt	   thin	   films,	  segregation	  of	  
silver	  dopant,	  due	  to	   its	   lower	  melting	  point,	  has	  been	  known	  to	  suppress	  grain	  growth	  of	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FePt	  and	  consequently	  exchange	  coupling	  between	  grains	   [16],	  however,	   in	  nanoparticles,	  
with	   a	   homogenous	   distribution	   of	   Ag-­‐dopant	   throughout	   FePt,	   it	   has	   been	   shown	   to	  
increase	  crystallite	  growth	  [6].	   	  This	  enhanced	  FePt	  crystallite	  growth	  facilitated	  by	  the	  Ag	  
dopant	  atoms	   is	   shown	  subsequently	   in	  Figure	  3.8.	   	  The	   two	  phases	   (Ag-­‐stabilised	  A1	  and	  
L10)	  within	  the	  reflection	  observed	  at	  2θ	  of	  41°	  are	  shown	  below	  in	  Figure	  3.3.	  	  	  
	  
Figure	  3.3:	  	  A1	  FePt	  and	  L10	  FePt	  in	  the	  [FePt]93Ag7	  nanoalloy.	  
Wang	   et	   al.	   [8]	   demonstrated	   that	   Ag	   addition	   to	   FePt	   increased	   the	   kinetic	   ordering	  
temperature	   from	   chemically-­‐disordered	   to	   the	   pseudo-­‐cubic	   A1	   phase,	   which	   is	   in	  
agreement	   with	   the	   XRD	   patterns	   of	   [FePt]93Ag7	   (Figure	   3.2).	   	   Here	   the	   onset	   of	  
crystallisation	  observed	  by	  XRD	  is	  delayed	  by	  100	  °C	  for	  the	  [FePt]93Ag7	  alloys	  compared	  to	  
the	  un-­‐doped	  FePt	  system	  shown	  in	  Figure	  3.1.	  	  Wang	  et	  al.	  also	  noted	  that	  the	  enthalpy	  for	  
39	   40	   41	   42	   43	  
2	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decomposition	  of	  the	  FeAgPt	  into	  L10	  FePt	  and	  A1	  Ag	  phases	  was	  not	  noticeably	  different	  to	  
that	  of	  the	  transformation	  of	  A1	  to	  L10	  binary	  FePt.	   	  Arita	  et	  al.	   [17]	  encountered	  FePt3	   in	  
their	  FePt	  nanoparticle	  synthesis	  via	  a	  hydrothermal	  technique,	  but	  this	  platinum-­‐rich	  FePt	  
alloy	  was	  not	  detected	  in	  the	  work	  reported	  here.	  	  	  
The	  silver	  dopant	  initially	  retards	  the	  formation	  of	  the	  semi-­‐ordered	  A1	  FePt	  alloy,	  but	  after	  
thermal	  transport	  from	  the	  FePt	  alloy,	  the	  vacancies	  remaining	  are	  filled	  by	  constituent	  Fe	  
and	  Pt	   atoms	  and	   the	  enhanced	   silver-­‐mediated	  ordering	  occurs.	   The	   final	   axial	   quotient,	  
after	  annealing	  at	  600	  °C,	  for	  the	  [FePt93Ag7	  nano-­‐alloy	  was	  calculated	  to	  be	  0.9657,	  which	  is	  
closer	   to	   the	   bulk	   value	   of	   L10	   FePt	   (0.9639)	   than	   for	   the	   un-­‐doped	   FePt	   nanoalloy	   after	  
annealing	  at	  600	  °C,	  which	  had	  a	  value	  of	  0.9710,	  as	  shown	  in	  Figure	  3.6.	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When	   the	   Ag	   content	   in	   the	   as-­‐synthesised	   precursor	   nanoparticles	   is	   increased	   to	   15	  
atom%,	  the	  first	  clearly	  observable	  XRD	  reflections	  occur	  after	  annealing	  at	  300	  °C,	  where	  
the	   lattice	   parameter	   is	   calculated	   to	   be	   3.8440	   ±	   0.00013	   Å,	   corresponding	   to	   fcc	   FePt.	  
After	  annealing	  at	  600	  °C,	  the	  lattice	  parameters	  are	  calculated	  to	  be	  a	  =	  3.8383	  ±	  0.00012	  
Å,	  c	  =	  3.7176	  ±	  0.00016	  Å,	  which	  is	  shown	  in	  Figure	  3.4.	  	  In	  relation	  to	  the	  lower	  Ag	  content	  
of	  7	  atom%,	  the	  final	  axial	  quotient,	  arrived	  at	  after	  annealing	  at	  600	  °C,	  is	  0.9666	  which	  is	  
smaller	   again	   than	   the	   previous	   system	   with	   7	   %,	   showing	   a	   clear	   trend	   in	   c/a	   with	  
increasing	  silver	  dopant	  concentration.	  	  
The	   observed	   elemental	   iron	   reflection	   near	   43°2θ	   in	   Figure	   3.4	   can	   arise	   due	   to	   the	  
substitution	  of	  Ag	  into	  the	  FePt	  lattice	  at	  the	  Fe-­‐sites.	  	  You	  et	  al.	  [16]	  deposited	  [FePt]90Ag10	  
and	  [FePt]80Ag20	  thin	  films	  at	  520	  °C,	  and	  did	  not	  detect	  Ag	  in	  elemental	  mapping,	  and	  thus	  
concluded	   that	  Ag	  was	   dissolved	   in	   the	   L10	   FePt.	   	   Based	  on	   the	  heats	   of	   formation	   listed	  
below,	  	  
Mixing	  enthalpy	  of	  Fe-­‐Ag:	  ΔHmix(Fe-­‐Ag)>>0	  
Mixing	  enthalpy	  of	  Pt-­‐Ag:	  ΔHmix(Pt-­‐Ag)<0	  
You	  et	  al.	  concluded	  that	  silver-­‐substitution	  into	  the	  L10	  FePt	  lattice	  should	  occur	  at	  Fe	  sites,	  
and	  so	  generate	  an	  Ag-­‐Pt	  interaction.	  	  Similarly,	  Manios	  et	  al.	  studied	  thin	  films	  of	  CoPt	  with	  
Ag	  layers	  and	  found	  that	  platinum	  diffused	  into	  the	  Ag	  layer	  more	  readily	  than	  the	  Co	  [18].	  
The	   elemental	   iron	   readily	   oxidises	   at	   the	   surface	   of	   the	   nanoparticle	   to	   produce	   the	  
(ferrimagnetic)	  β-­‐Fe2O3	  reflections	  observed	   in	  Figure	  3.4,	  while	   the	  core-­‐iron	   is	  protected	  
from	  oxidation	  and	  remains	  as	  elemental	  iron.	  	  Elemental	  iron	  (JCPDS	  87-­‐0721)	  has	  only	  one	  
main	   reflection	   located	  at	   43.5°.	   	   Sahu	  et	   al.	   [19]	   studied	   the	  effects	  of	   excess	   Fe	   in	   FePt	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nanoparticles	   and	   noted	   that	   the	   Fe	   formed	   iron	   oxides	   at	   the	   nanoparticle	   surface,	   as	  
observed	  here	  in	  Figure	  3.4.	  	  It	  was	  also	  noted	  that	  upon	  high	  temperature	  annealing	  (600	  
°C	  in	  95	  %	  Ar,	  5	  %	  H2)	  the	  oxide	  transformed	  into	  Fe3Pt	  at	  the	  grain	  boundary	  of	  the	  FePt,	  
whereas	  in	  this	  study	  no	  Fe3Pt	  or	  FePt3	  was	  observed	  (Fig.	  3.4).	  	  The	  SQUID	  results	  obtained	  
by	  Sahu	  et	  al.	  also	  shows	  evidence	  of	  Fe3Pt,	  but	  SQUID	  data	  from	  all	  the	  samples	  examined	  
here	  in	  the	  FePt(Ag)	  system	  did	  not.	  	  Thus,	  it	  can	  be	  assumed	  that	  the	  additional	  reflections	  
observed	  in	  Figure	  3.4	  are	  due	  to	  Ag-­‐stabilised	  A1	  FePt,	  elemental	  Fe,	  and	  small	  amounts	  of	  
ferrimagnetic	  oxide	  only,	  which	   is	  not	  expected	   to	   significantly	  detract	   from	  the	  magnetic	  
properties.	  	  
Figure	  3.5	  provides	  the	  XRD	  of	  the	  reflection	  located	  near	  41°	  that	  accommodates	  the	  (111)	  
reflections	  for	  both	  the	  L10	  and	  Ag-­‐stabilised	  A1	  phases	  of	  FePt.	  
	  
Figure	  3.5:	  	  [FePt]85Ag15	  nanoalloy	  with	  coexisting	  L10	  and	  Ag-­‐stabilised	  (cubic)	  A1	  FePt.	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In	  addition,	   the	   reflection	  observed	   in	  Figure	  3.5	  between	  40	  and	  42°	   for	   the	   [FePt]85Ag15	  
nanoalloy,	  demonstrates	  that	  the	  silver	  dopant	  stabilises	  the	  A1	  phase	  of	  FePt	  during	  high	  
annealing	   temperatures.	   	   After	   annealing	   at	   550	   °C,	   the	   lattice	   constant	   for	   the	   A1	   FePt	  
phase,	  occurring	  at	  40.8753°	   is	  a	  =	  3.8385	  ±	  0.00013	  Å,	  while	  the	  L10	  phase	  of	  FePt	  which	  
occurs	  at	  41.4090°	  has	  dimensions	  of	  a	  =	  3.8429	  ±	  0.00014	  Å	  and	  c	  =	  3.7400	  ±	  0.00029	  Å.	  	  
After	  annealing	  at	  600	  °C,	   the	  reflection	  deconvolutes	  to	  40.9272°,	  being	  the	  Ag-­‐stabilised	  
A1	  phase	  of	   FePt	  with	   lattice	  parameter	   a	   =	   3.8381	  ±	   0.00013	  Å,	  while	   the	  deconvoluted	  
reflection	  at	  41.4325°	  corresponding	  to	  the	  L10	  phase	  of	  FePt	  had	  dimensions	  of	  a	  =	  3.8428	  
±	  0.00014	  Å	  and	  c	  =	  3.7398	  ±	  0.00029	  Å.	  	  In	  comparison	  to	  the	  reflections	  in	  the	  [FePt]93Ag7	  
alloy	  system,	  as	  shown	  in	  Figure	  3.3,	  the	  intensity	  of	  the	  second	  L10	  FePt	  phase	  is	  higher,	  as	  
a	  result	  of	  the	  higher	  concentration	  of	  silver	  dopant	  in	  the	  [FePt]85Ag15	  alloy.	  	  	  
The	  profiles	   of	   the	   (111)	   peaks	   in	   the	   [FePt]93Ag7	   and	   [FePt]85Ag15	   samples	   have	   a	   similar	  
shape	  to	  those	  reported	  by	  Wang	  et	  al.	   [20],	  who	  studied	  co-­‐existing	  cubic	  and	  tetragonal	  
FePt	  in	  thin	  films,	  with	  the	  peak	  having	  a	  shoulder	  on	  the	  right	  at	  lower	  temperatures,	  and	  
then	   on	   the	   left	   at	   higher	   temperatures,	   as	   the	   relative	   proportions	   of	   the	   cubic	   and	   L10	  
peaks	  vary.	  	  
	  Wang	   et	   al.	   [20]	   studied	   alternating	   thin	   films	   of	   equiatomic	   Fe	   and	   Pt	   annealed	   at	  
temperatures	   between	   room	   temperature	   and	   725	   °C,	   and	   found	   that	   the	   final	   majority	  
phase	   (at	   725	   °C)	   was	   L10	   FePt	   (98%)	   with	   the	   minority	   being	   (cubic)	   L12	   FePt3	   (2%).	  	  
Significantly,	   the	  authors	  noted,	   that	  all	   solid	  phases	   from	  the	  binary	  phase	  diagram	  were	  
observed	   in	   their	   thin	   film	  studies:	   L12	  Fe3Pt,	   L10	  FePt,	   L12	  FePt3,	  and	   the	  solid	   solution	   (γ	  
Fe,Pt)	  also	  termed	  A1	  FePt.	  	  While	  the	  formation	  of	  FePt3	  from	  equiatomic	  FePt	  is	  possible	  in	  
thin	  films,	  where	  all	  possible	  phases	  can	  form,	  due	  to	  diffusion	  between	  Pt-­‐	  and	  Fe-­‐layers,	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the	   formation	   of	   this	   phase	   in	   equiatomic	   FePt	   nanoparticles	   is	   highly	   unlikely	   since	  
formation	  of	  the	  stoichiometric	  alloy	  is	  energetically	  favourable.	  Indeed,	  Heitsch	  et	  al.	  	  [21]	  
found	   that	   unless	   their	   FePt3	   nanoparticles	  were	   encapsulated	  with	   silica,	   then	   the	   FePt3	  
phase	   would	   transform	   into	   FePt	   during	   annealing,	   and	   furthermore,	   when	   the	   FePt3	  
nanoparticles	  were	  annealed	  at	  700	  oC	  for	  4	  hours	  they	  transformed	  to	  the	  L10	  FePt	  phase.	  	  
Lin	   and	   co-­‐workers	   [22]	   rapidly	   annealed	   Fe	   and	   Pt	   multilayers	   (600	   °C,	   6	   mins)	   and	  
observed	   regions	   of	   FePt	   (ferromagnetic)	   and	   FePt3	   (antiferromagnetic)	   and	   noted	   an	  
‘exchange-­‐bias’	  (shift	  due	  to	   interactions	  between	  ferro-­‐	  and	  antiferromagnetic	  regions)	   in	  
SQUID	   data,	   as	   well	   as	  multiphases	   in	   XRD.	   Upon	   further	   annealing	   to	   700	   °C,	   the	   FePt3	  
decomposed	  to	  the	  equiatomic	  L10	  FePt.	  	  
However,	  such	  thin	  film	  studies	  of	  alternating	  Fe	  and	  Pt	  layers	  are	  expected	  to	  form	  all	  the	  
possible	  FexPty	  alloys,	   since	   the	  alternating	   layers	   forms	  alloys	  by	  diffusion	  of	   the	   iron-­‐rich	  
layers	   to	   platinum	   rich	   layers,	   and	   vice	   versa.	   	   In	   the	   case	   of	   chemically	   synthesised	  
nanoparticles,	   as	   in	   the	   studies	   here,	   the	   as-­‐synthesised	   nanoparticles	   are	   homogeneous,	  
and	   thus	   alloys	   outside	   of	   equiatomic	   A1-­‐	   and	   L10	   FePt	   should	   not	   form,	   since	   it	   is	  
energetically	  un-­‐favourable.	   	  However,	   the	  two	  FePt	  phases	  encountered	   in	   this	  study,	  A1	  
and	  L10	  FePt,	  are	  known	  to	   interact	  with	  one	  another,	  and	   their	  exchange	   interaction	  has	  
been	   reported	   in	   the	   literature,	   for	   example,	   the	   work	   of	   Zhang	   et	   al.,	   who	   studied	   the	  
exchange	  interaction	  between	  fcc	  and	  fct	  FePt	  thin	  films	  [23].	  
As	  seen	  from	  the	  XRD	  data	  in	  Figure	  3.4,	  the	  first	  clear	  cubic	  XRD	  pattern	  to	  arise	  occurs	  for	  
the	   [FePt]85Ag15	   nanoparticles	   annealed	   at	   300	   °C,	   which	   is	   100	   °C	   higher	   than	   for	   the	  
previous	  system	  ([FePt]93Ag7),	  shown	  in	  Figure	  3.2,	  further	  suggesting	  that	  silver	  plays	  a	  role	  
in	   retarding	   the	   initial	   formation	   of	   the	   A1	   phase.	   	   However,	   once	   the	   silver	   has	   fully	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migrated	  from	  the	  FePt	  lattice,	  the	  tetragonal	  splitting	  of	  the	  (200)	  and	  (220)	  reflections	  is	  
more	  pronounced	  than	  in	  the	  [FePt]93Ag7	  composition	  detailed	  in	  Figure	  3.2.	  Furthermore,	  
the	  extent	  of	  splitting	  of	  the	  reflection	  located	  near	  41°,	  is	  also	  more	  apparent	  compared	  to	  
the	  [FePt]93Ag7	  composition.	  	  
The	   comparative	   c/a	  unit	   cell	   axial	   ratios	   for	   the	   FePt(Ag)	   systems	  are	   given	   in	   Figure	  3.6	  
below,	  which	   clearly	   show	   the	   impact	   of	   silver	   dopant	   atoms	   in	   the	   formation	   of	   the	   L10	  
FePt	  alloys.	  
Figure	  3.6:	   Comparative	   c/a	   ratios	   for	   (a)	   FePt,	   (b)	   [FePt]93Ag7	  and	   (c)	   [FePt]85Ag15	  as	  a	  
function	  of	  annealing	  temperature.	  	  (Lines	  are	  a	  guide	  for	  the	  eye).	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The	   final	   c/a	   value	   (obtained	   from	   the	   [FePt85]Ag15	   sample	   annealed	   at	   600	   °C)	   is	   0.971,	  
which	   is	   99.27	  %	  of	   the	  bulk	   FePt	   axial	   ratio,	   indicating	   a	   99.27	  %	   conversion	   to	   the	   fully	  
ordered	  state.	   	  Willoughby	  et	  al.	   [24]	  reported	  a	   linear	  relationship	  between	  the	  magnetic	  
characteristics	  (anisotropy	  energy)	  with	  c/a.	  	  As	  the	  c-­‐axis	  contracts	  with	  structural	  ordering	  
as	  a	  result	  of	   increased	  annealing	  temperature,	  the	  unit	  cell	  volume	  of	  the	  FePt	  nanoalloy	  
decreases	  almost	  linearly	  as	  can	  be	  seen	  in	  Figure	  3.7.	  
	  
Figure	  3.7:	  	  Unit	  cell	  volumes	  fits	  for	  (a)	  FePt,	  (b)	  [FePt]93Ag7	  and	  (c)	  [FePt]85Ag15.	  (*)	  
indicates	  strain-­‐relaxation.	  (Lines	  a	  guide	  for	  the	  eye).	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  3.7	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  unit	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  volumes,	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incorporation	  of	  Ag	  into	  the	  FePt	  nanoalloy,	  a	  non	  linear	  response	  is	  observed.	  	  The	  dopant	  
atoms	   are	   seen	   to	   increase	   the	   degree	   of	   tetragonalisation	   which	   is	   modified	   by	   lattice	  
expansion	  and	  Ag	  migration.	  	  
The	  unit	  cell	  volumes	  of	  the	  FePt	  nanoalloys	  annealed	  at	  600	  °C	  in	  Figure	  3.7	  are	  below	  the	  
respective	  bulk	  values	  and	  attributable	  to	  strain	  relaxation	  (as	  indicated	  by	  the	  asterisk),	  as	  
known	  for	  a	  number	  of	  nanoscale	  materials	  [25].	  	  In	  support	  of	  this	  observation,	  it	  has	  been	  
demonstrated	  that	  L10	  FePt	  thin	  films	  epitaxially	  grown	  on	  Ag	  substrates	  can	  also	  undergo	  
shrinkage	  of	  the	  unit	  cell	  [26].	  
Since	  the	  atomic	  radius	  of	  Ag	  is	  larger	  than	  that	  of	  Fe	  and	  Pt,	  it	  might	  be	  expected	  that	  the	  
Ag-­‐doped	   FePt	   nanoalloys	   should	   exhibit	   larger	   unit	   cell	   volumes	   in	   Figure	   3.7	   than	   the	  
undoped	  FePt	  nanoalloy	  system.	  	  In	  fact,	  the	  opposite	  is	  true,	  since	  the	  unit	  cell	  volumes	  are	  
calculated	  from	  the	  XRD	  once	  clear	  reflections	  are	  visible	  in	  Figures	  3.2	  and	  3.4	  between	  300	  
and	  400	  °C,	  by	  which	  time	  A1	  Ag	  reflections	  are	  concurrently	  visible	   in	  the	  XRD,	   indicating	  
the	  silver	  has	  vacated	  the	  FePt	  matrix.	  The	  FePt	  unit	  cell	  volumes	  after	  annealing	  at	  600	  °C,	  
regardless	  of	  silver	  incorporation,	  are	  all	  comparable	  within	  the	  error	  of	  the	  measurement,	  
indicating	  that	  the	  initial	  presence	  of	  the	  silver	  dopant	  and	  its	  concurrent	  lattice	  expansion	  
does	  not	  have	  a	  lasting	  effect	  on	  the	  L10	  FePt	  lattice	  once	  the	  silver	  has	  migrated.	  	  The	  Ag	  
content	   for	   each	   of	   the	   two	   doped	   [FePt]100-­‐xAgx	   (x	   =	   7,	   15)	   nanoalloys	  was	   examined	   by	  
means	   of	   energy	   dispersive	   x-­‐ray	   (EDX)	   analysis	   and	   found	   to	   close	   to	   the	   desired	  
composition.	  	  An	  example	  of	  the	  EDX	  data	  for	  the	  two	  silver	  concentrations	  is	  given	  below	  in	  
Tables	  3.1	  and	  3.2.	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Table	  3.1:	  Typical	  measured	  elemental	  composition	  for	  [FePt]93Ag7.	  	  
Element	   Sigma	   Atom%	   Theoret.%	   Atom/Theoret.	  
Fe	   0.1	   48.98	   46.5	   1.05	  
Pt	   0.4	   46.08	   46.5	   0.99	  
Ag	   0	   4.94	   7	   0.71	  
	  
Table	  3.2:	  Typical	  measured	  elemental	  composition	  for	  [FePt]85Ag15.	  	  
Element	   Sigma	   Atom%	   Theoret.%	   Atom/Theoret.	  
Fe	   0.3	   39.21	   42.5	   0.93	  
Pt	   2.1	   46.40	   42.5	   1.09	  
Ag	   0.2	   14.39	   15	   0.96	  
	  
Thus	   from	  Tables	  3.1	  and	  3.2,	   it	   can	  be	  seen	   that	   the	  Ag	  content	  within	  each	  doped	  FePt	  
system	  is	  within	  ±	  2	  atom%.	  	  
	  As	  is	  well	  known,	  particle	  growth	  and	  sintering	  occur	  at	  high	  annealing	  temperatures,	  which	  
results	   in	  a	  change	  of	  morphology	  of	  the	  nanoparticles	  away	  from	  monodisperse	  spherical	  
particles,	  to	  polydisperse	  particles,	  often	  no	  longer	  on	  the	  nanometer-­‐scale.	   	  For	  magnetic	  
nanoparticles,	   this	   increased	   size	   changes	   the	  magnetic	   behaviour,	   as	   Bloch	  walls	   arise	   in	  
larger	  particles	  [27]	  which	  subsequently	  result	  in	  hysteretic	  heating	  when	  the	  particles	  are	  in	  
the	   presence	   of	   an	   oscillating	   magnetic	   field.	   	   The	   growth	   of	   the	   crystallites	   can	   be	  
calculated	  from	  the	  XRD	  data	  by	  means	  of	  the	  Scherrer	  expression,	  the	  results	  of	  which	  are	  
presented	  below	  in	  Figure	  3.8.	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Figure	   3.8:	   Scherrer	   calculated	   crystallite	   diameters	   for	   (a)	   FePt,	   (b)	   [FePt]93Ag7	   and	   (c)	  
[FePt]85Ag15	   nanoalloys	   annealed	   at	   different	   temperatures	   for	   one	   hour.	   (The	   lines	   are	  
guides	  for	  the	  eye	  only).	  
	  
From	  Figure	  3.8	  it	  can	  be	  seen	  that	  for	  the	  undoped	  FePt	  system,	  the	  calculated	  crystallite	  
sizes	  remain	  constant	  at	  about	  6	  nm	  up	  until	  550	  °C,	  above	  which	  sintering	  of	  the	  nanoalloys	  
occurs	   causing	   the	   crystallite	   dimensions	   to	   double	   in	   size.	   	   For	   the	   Ag-­‐doped	   FePt	  
nanoalloys,	  an	  almost	   linear	  response	   in	  crystallite	  growth	   is	  observed,	  with	  the	  higher	  Ag	  
content	  imparting	  a	  higher	  growth	  rate	  to	  the	  FePt	  crystallites.	  	  This	  suggests	  that	  there	  are	  
two	  very	  different	  growth	  mechanisms	  taking	  place	  as	  the	  nanoalloys	  are	  annealed.	  	  This	  is	  
believed	   to	   arise	   from	   the	   increased	  mobility	   of	  Ag	  within	   the	  evolving	   crystalline	  matrix,	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which	  creates	  vacancies,	  which	  in	  turn	  increases	  the	  overall	  mobility	  of	  Fe	  and	  Pt,	  resulting	  
in	   larger	   crystallites	   for	   the	   Ag	   doped	   samples.	   	   The	   grain	   growth	   promoting	   effects	   of	  
homogeneously	   dispersed	   Ag	   inside	   FePt	   nanoparticles	   in	   Figure	   3.8,	   coincides	   with	   that	  
observed	  by	  Harrell	  [6].	  However,	  in	  thin-­‐films,	  silver-­‐doping	  has	  been	  known	  to	  reduce	  the	  
grain	  growth	  of	  FePt	  during	  annealing	  [16].	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3.2.2	  	  	  	  	  Electron	  Microscopy	  of	  FePt(Ag)	  Nanoparticles	  
	  
The	  morphology	  of	   the	  as-­‐synthesised	  nanoparticles	  was	   investigated	  with	  high-­‐resolution	  
transmission	  electron	  microscopy	  (HRTEM)	  and	  the	  average	  particle	  diameter	  was	  found	  to	  
be	   between	   2.5	   –	   3.5	   nm,	  which	   is	   in	   agreement	  with	   the	   as-­‐synthesised	   crystallite	   sizes	  
calculated	  from	  the	  Scherrer	  expression	  from	  the	  XRD	  data	  (Figure	  3.8).	  	  The	  as-­‐synthesised	  
nano-­‐alloys	   yielded	   spherical	   and	   nearly	   mono-­‐dispersed	   nanoparticles,	   as	   shown	   in	   the	  
HRTEM	  image	  in	  Figure	  3.9	  for	  undoped	  FePt	  nanoparticles.	  	  
	  
Figure	   3.9:	   TEM	   image	   of	   as-­‐synthesised	   FePt	   nanoparticles	  with	  Gaussian	   distribution	   of	  
particle	  sizes.	  	  
The	  mean	  particle	  size	  of	  the	  as-­‐synthesised	  FePt	  nanoparticles	  is	  2.7	  ±	  1	  nm,	  indicating	  the	  
consistency	   of	   the	   reverse	   micelle	   synthetic	   procedure.	   	   These	   nanoalloys	   in	   their	   as-­‐
prepared	   state,	   prior	   to	   annealing	   did	   not	   show	  discernable	   x-­‐ray	   diffraction	   (Figure	   3.1),	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which	  is	  in	  part	  due	  to	  the	  small	  dimensions	  of	  the	  particles	  in	  this	  stage	  of	  their	  synthesis	  as	  
shown	   by	   Figure	   3.9	   to	   be	   3.5	   nm.	   	   Selected	   area	   electron	   diffraction	   (SAED),	   however,	  
reveals	   that	   the	  as-­‐synthesised	  nanoparticles	  are	  semi	  ordered	  as	   indicated	  by	   the	  diffuse	  
rings	  in	  Figure	  3.10,	  which	  are	  indexed	  to	  cubic	  FePt.	  	  
	  
Figure	  3.10:	  	  SAED	  pattern	  of	  the	  as-­‐synthesised	  FePt	  nanoparticles	  from	  Figure	  3.9.	  
	  
	  
The	   SAED	  pattern	  of	   Figure	  3.10	   indicates	   a	  partial	   crystallinity	  of	   the	  precursor	  particles,	  
and	   suggests	   crystallites	   oriented	   irregularly,	   as	   evidenced	   by	   the	  weakness	   of	   the	   bands	  
corresponding	  to	  pseudo-­‐cubic	  FePt	  (111),	  (200),	  (222)	  and	  (311)	  reflections.	  	  Resolution	  of	  
(311)	  
(222)	  
(200)	  
(111)	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this	  low	  degree	  of	  ordering	  by	  x-­‐ray	  diffraction	  may	  require	  SAXS	  examination.	  	  The	  partially	  
crystalline	  nature	  of	  the	  as-­‐synthesised	  FePt	  nanoparticles	  correlates	  with	  the	  paramagnetic	  
behaviour,	   as	   seen	   in	   Figure	  3.24.	   	   The	  diffuse	   appearance	  of	   the	   rings	   indicates	   that	   the	  
crystallites	  are	  very	  small,	  in	  agreement	  with	  Figure	  3.9.	  
Annealing	  the	  FePt	  nanoalloy	  particles	  to	  600	  °C	  changes	  the	  morphology,	  crystallinity	  and	  
size	   significantly,	   as	   shown	   by	   Figure	   3.11.	   	   Lattice	   images	  within	   these	   particles	   indicate	  
spacings	  corresponding	  to	  the	  L10	  FePt	  phase.	  	  
	  
Figure	  3.11:	  HRTEM	  image	  FePt	  nanoparticles	  annealed	  at	  600	  °C.	  
	  The	  selected	  area	  electron	  diffraction	  of	  the	  nanoparticle	  sample	  depicted	  in	  Figure	  3.11	  is	  
shown	  below	  in	  Figure	  3.12,	  which	  shows	  diffraction	  spots	  for	  the	  L10	  phase	  of	  FePt.	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Figure	  3.12:	  SAED	  of	  the	  FePt	  nanoparticles	  in	  Figures	  3.11	  
The	   Ag-­‐doped	   FePt	   nanoalloys	   with	   both	   7	   and	   15	   atom%	   Ag	   doping	   generally	   showed	  
similar	  morphologies	  to	  the	  un-­‐doped	  FePt,	  in	  the	  as-­‐synthesised	  precursor	  state,	  as	  shown	  
below	  in	  Figure	  3.13.	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Figure	  3.13:	  	  As-­‐synthesised	  [FePt]93Ag7	  nanoalloys.	  
	  
The	  as	   synthesised	   [FePt]93Ag7	  nanoparticles	   in	  Figure	  3.13	  are	  well	   separated,	  and	  nearly	  
spherical	   in	  shape	  with	  diameters	  of	  3	  –	  4	  nm	  which	  is	  consistent	  with	  the	  crystallite	  sizes	  
calculated	   from	   the	   x-­‐ray	   data	   via	   the	   Scherrer	   formula	   (Figure	   3.8).	   	   The	   corresponding	  
SAED	  pattern	  for	  these	  nanoparticles	  is	  shown	  below	  in	  Figure	  3.14.	  
	  
Figure	  3.14:	  SAED	  pattern	  of	  the	  as	  synthesised	  [FePt]93Ag7	  nanoparticles	  from	  Figure	  3.13.	  	  
A1	  FePt	  (111)	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The	  SAED	  of	  the	  as-­‐synthesised	  [FePt]93Ag7	  nanoalloys	  given	  in	  Figure	  3.14	  shows	  only	  one	  
clear	   diffraction	   ring	   with	   a	   diameter	   of	   8.99	   nm-­‐1	   (2.25	   Å)	   which	   corresponds	   to	   an	  
expanded	  A1	  FePt	  (111)	  plane,	  due	  to	  dissolved	  Ag,	  corresponding	  to	  the	  (111)	  plane	  for	  the	  
FePt	  A1	  phase,	  whereas	  the	  SAED	  pattern	  for	  un-­‐doped	  FePt	  (Figure	  3.10)	  exhibits	  rings	  of	  
additional	  reflections,	  indicative	  of	  the	  delayed	  onset	  of	  ordering	  of	  the	  FePt	  in	  the	  presence	  
of	   larger	   Ag	   atoms	   disrupting	   the	   lattice	   formation,	   in	   agreement	   with	   the	   XRD	   results.	  	  
Lattice	   images	  of	   the	  as-­‐synthesised	   [FePt]93Ag7	  nanoalloys	  are	  presented	  below	   in	   Figure	  
3.15.	  	  
	  
Figure	  3.15:	  HRTEM	  images	  of	  (a)	  as-­‐synthesised	  [FePt]93Ag7	  nanoparticles	  showing	  lattices	  
not	  evident	  in	  the	  x-­‐ray	  diffraction,	  (b	  -­‐	  c)	  as-­‐synthesised	  [FePt]93Ag7	  nanoparticles.	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As-­‐synthesised	  [FePt]93Ag7	  nanoparticles	  in	  Figure	  3.15	  show	  clear	  atomic	  A1	  stacking,	  with	  
about	   2.2	   Å	   separation	   between	   planes	   which	   can	   be	   assigned	   to	   the	   fundamental	   FePt	  
lattice	  spacing,	  not	  discernable	   in	  the	  XRD	  until	  300	  °C.	   	  These	  nanoparticles	  have	  a	  quasi-­‐
spherical	   morphology	   and	   are	   mono-­‐dispersed	   throughout	   the	   sample,	   as	   was	   shown	  
previously	  in	  Figure	  3.13.	  
After	  annealing	  at	  300	  °C,	  segregation	  of	   the	  Ag	  dopant	   into	  a	  separate	  phase	   is	  visible	   in	  
the	  HRTEM	  in	  Figure	  3.16,	  which	  corresponds	  well	  with	  the	  XRD	  in	  Figure	  3.2	  	  
	  
Figure	  3.16:	  (a)	  [FePt]93Ag7	  nanoparticles	  after	  annealing	  at	  300	  °C	  for	  one	  hour,	  (b)	  Fourier	  
transform	   of	   the	   indicated	   nanoparticle,	   (c)	   inverse	   Fourier	   transform	   image	   from	   the	  
diffraction	   spot	   located	   at	   2.713	   Å	   assigned	   to	   FePt,	   (d)	   inverse	   Fourier	   transform	   image	  
from	   the	   diffraction	   spot	   located	   at	   2.353	   Å	   which	   corresponds	   to	   Ag	   dopant,	   and	   (e)	  
reconstruction	  image	  of	  (c)	  and	  (d).	  
	  
In	  Figure	  3.16,	  two	  points	  are	  visible	  in	  the	  Fourier	  transform	  of	  a	  [FePt]93Ag7	  nanoparticle	  
annealed	   at	   300°C	   for	   one	   hour.	   	   The	   more	   intense	   diffraction	   spot	   at	   2.713	   Å	   can	   be	  
assigned	  to	  the	  (110)	  plane	  of	  FePt,	  and	  that	  at	  2.35	  Å	  can	  be	  assigned	  to	  the	  Ag	  (111)	  plane	  
(d	  =	  2.359	  Å).	  	  As	  such	  it	  indicates	  the	  silver	  migrating	  from	  the	  FePt	  parent	  particle.	  	  Panels	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(c)-­‐	   (e)	   represent	   the	   inverse	   Fourier	   transforms	  of	   the	  major	   phase	   (FePt,	   panel	   (c)),	   the	  
minor	  silver	  phase	  (panel	  (d))	  and	  the	  image	  reconstruction	  performed	  by	  the	  Gatan	  Digital	  
Micrograph	  software	  highlighting	   the	   locations	  of	   the	   two	  phases	  within	   the	  nanoparticle.	  	  
Other	  regions	  of	  the	  TEM	  sample	  depict	  nanoparticles	  with	  highly	  anisotropic	  morphologies,	  
which	  are	  known	  to	  result	  from	  the	  addition	  of	  silver	  to	  the	  FePt	  system	  [28],	  an	  example	  of	  
which	  is	  shown	  in	  Figure	  3.17.	  	  	  	  
	  
Figure	  3.17:	  	  [FePt]93Ag7	  (annealed	  for	  one	  hour	  at	  300	  °C).	  
Figure	  3.17	  shows	  selected	  regions	  of	  highly	  faceted	  and	  anisotropic	  nanoparticles	  similar	  in	  
size	  and	  shape	  to	  that	  observed	  by	  Wang	  et	  al.	  [28]	  as	  a	  result	  of	  silver	  addition,	  the	  XRD	  of	  
which	  is	  given	  in	  	  Figure	  3.2.	  
500	  nm	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With	   [FePt]93Ag7	   nanoalloys	   annealed	   at	   400	   °C	   for	   one	   hour,	   the	  HRTEM	  given	   in	   Figure	  
3.18	   illustrates	   that	   crystal	   facets	   and	   grain	   boundaries	   emerge	   as	   a	   result	   of	   increased	  
crystal	  ordering.	  
	  
Figure	  3.18:	  	  [FePt]93Ag7	  nanoparticles	  annealed	  at	  400	  °C	  showing	  multiple	  crystal	  domains	  
as	  indicated	  by	  the	  arrow.	  
	  
The	   faceted	   regions	   of	   Figure	   3.17	   for	   the	   [FePt]93Ag7	   doped	   nanoalloy	   are	   similar	   to	   the	  
faceted	  FePt	  nanoparticles	  that	  Wang	  observed	  as	  a	  result	  of	  Ag	  doping	  [28].	  	  	  The	  arrow	  in	  
Figure	  3.18	  indicates	  a	  grain	  boundary	  in	  the	  FePt	  nanoparticle,	  which	  is	  comprised	  of	  two	  
crystallographic	   regions,	   each	   of	   which	   is	   similar	   in	   dimension	   to	   that	   calculated	   by	   the	  
Scherrer	  equation	  for	  this	  sample	  at	  this	  temperature	  (~10	  nm).	  	  The	  selected	  area	  electron	  
diffraction	  of	  this	  sample	  is	  presented	  below	  in	  Figure	  3.19.	  
	  
20	  nm	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Figure	  3.19:	  	  SAED	  pattern	  of	  the	  [FePt]93Ag7	  nanoparticles	  annealed	  at	  400	  °C	  for	  one	  hour.	  
The	   SAED	   in	   Figure	   3.19	   shows	   bright	   diffractions	   spots	   for	   A1	   silver,	   which	   crystallises	  
readily,	   and	   the	   low	   intensity	   super	   structure	   spots	   for	   the	   tetragonal	   (001)	   and	   (110)	  
planes,	  indicating	  that	  at	  400	  °C	  the	  nanoalloy	  has	  developed	  small	  regions	  of	  L10	  FePt.	  	  	  
After	  annealing	  samples	  of	  [FePt]93Ag7	  nanoalloy	  at	  400	  °C,	  it	  is	  possible	  to	  identify	  parts	  of	  
the	  sample	  that	  give	  electron	  diffraction	  spots	  for	  an	  FePt	  lattice	  without	  Ag,	  as	  well	  as	  the	  
FePt	  incorporating	  Ag,	  as	  is	  indicated	  in	  Figure	  3.20	  below.	  	  These	  images	  also	  demonstrate	  
that	   at	   this	   temperature	   the	   silver	   dopant	   has	   segregated	   from	   the	   FePt	   lattice	   to	   form	  
separate	   Ag	   nanoparticles.	   	   The	   top	   TEM	   image	   shows	   a	   clear	   silver	   nanoparticle	   arising	  
from	  the	  segregated	  silver	  (as	  identified	  by	  the	  lattice	  spacing	  of	  the	  Ag	  (111)	  plane),	  while	  
the	  lower	  TEM	  d	  spacings	  are	  all	  about	  2.2	  Å,	  which	  corresponds	  to	  FePt	  (111).	  
Ag	  (111)	  
FePt	  (111)	  
FePt	  (200)	  
Ag	  (200)	  
FePt	  (110)	  
FePt	  (001)	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Figure	  3.20:	  Two	  SAED	  patterns	  taken	  from	  the	  same	  TEM	  grid	  showing	  (top)	  the	  presence	  
of	  silver,	  and	  (bottom)	  the	  absence	  of	  silver.	  	  
	  
These	   images,	   in	  Figure	  3.20,	  also	  demonstrate	   that	  at	   this	   temperature	   the	  silver	  dopant	  
has	  segregated	  from	  the	  FePt	  lattice	  to	  form	  separate	  Ag	  nanoparticles.	  	  The	  top	  TEM	  image	  
shows	   a	   clear	   silver	   nanoparticle	   arising	   from	   the	   segregated	   silver	   (as	   identified	   by	   the	  
lattice	  spacing	  of	  the	  Ag	  (111)	  plane),	  while	  the	   lower	  TEM	  d	  spacings	  are	  all	  about	  2.2	  Å,	  
which	  corresponds	  to	  FePt	  (111).	  
Ag	  (111)	  
No	  Ag	  visible	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Figure	  3.21,	  below,	  depicts	  two	  different	  nanoparticle	  samples	  with	  cubic	  morphology	  which	  
have	  been	  annealed	  for	  one	  hour	  at	  300	  °C	  and	  400	  °C.	  	  	  
	  
Figure	  3.21:	  Cubic	  morphologies	  from	  the	  [FePt]93Ag7	  samples	  annealed	  at	  (a)	  300	  °C	  	  and	  
(b)	  400	  °C.	  
	  
Figure	  3.21,	  above,	  depicts	  lattice	  spacings	  of	  2.18	  Å,	  which	  correspond	  to	  the	  (111)	  plane	  of	  
the	  A1	  phase	  of	  FePt,	  and	  3.24	  Å,	  which	  corresponds	  to	  a	  lattice	  spacing	  in	  between	  that	  of	  
the	  super	  lattice	  planes,	  i.e.	  the	  (110)	  plane	  at	  2.72	  Å,	  and	  the	  (001)	  plane	  at	  3.71	  Å,	  and	  is	  
believed	  to	  be	  an	  example	  of	  the	  strain	  relaxation,	  depicted	  previously	  in	  Figure	  3.7.	  
For	   the	   [FePt]93Ag7	   alloys	   system	   annealed	   at	   600	   °C,	   HRTEM	   observations	   show	   faceted	  
nanoparticles	  with	   clear	  grain	  boundaries	  and	   shape	  anisotropy	  as	  a	   result	  of	  Ag	  addition	  
(Figure	  3.22).	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Figure	  3.22:	  [FePt]93Ag7	  nanoparticles	  annealed	  at	  600	  °C	  for	  one	  hour.	  (Arrows	  indicate	  
grain	  boundaries).	  
	  
The	  SAED	  of	  the	  nanoparticles	  shown	  in	  Figure	  3.22	  is	  given	  in	  Figure	  3.23,	  which	  contains	  
diffraction	  spots	  for	  the	  L10	  FePt	  phase	  as	  well	  as	  cubic	  Ag.	  
10	  nm	  
	  
	  
123	  
	  
Figure	  3.23:	  	  SAED	  pattern	  of	  the	  [FePt]93Ag7	  nanoparticles	  annealed	  at	  600	  °C,	  which	  shows	  
two	  sets	  of	  diffractions	  patterns.	  
	  
Despite	  annealing	  at	   temperatures	  of	  600	  °C	  for	  one	  hour,	   the	  silver-­‐doped	  FePt	  alloy	  has	  
not	   fully	   converted	   to	   the	   tetragonal	   state,	   600	   °C	   represents	   the	   highest	   temperature	  
studied	   here,	   since	   higher	   annealing	   temperatures	   promote	   increased	   crystal	   growth	   and	  
particle	  sintering	  which	  is	  adverse	  for	  biological	  applications	  such	  as	  thermal	  necrosis.	  
Thus,	   it	   is	  evident	   that	   the	   transition	  of	   the	  FePt	  nanoalloy,	   from	  cubic	   (A1)	   to	   tetragonal	  
(L10)	  is	  enhanced	  by	  the	  addition	  of	  silver	  metal	  to	  the	  system.	  	  Whilst	  the	  formation	  of	  the	  
pseudo-­‐cubic	  A1	  phase	  (with	  anti-­‐site	  disorder	  of	  Fe	  and	  Pt	  atoms)	  is	  initially	  retarded	  as	  a	  
result	  of	  Ag	  addition	  to	  the	  nanoparticles,	  upon	  annealing	  at	  temperatures	  at	  and	  above	  300	  
°C,	  the	  conversion	  of	  the	  A1	  phase	  of	  FePt	  to	  the	  tetragonal,	  L10,	  phase	  (as	  followed	  by	  the	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axial	  ratio,	  c/a	  from	  XRD	  data)	  is	  seen	  to	  occur	  at	  lower	  temperatures	  for	  the	  systems	  with	  
increasing	  Ag	  content.	  
3.2.3	  	  	  	  Magnetic	  Data	  for	  FePt(Ag)	  Nanoalloys	  
	  
SQUID	  magnetisation	  data	  for	  the	  FePt(Ag)	  systems	  described	  in	  Sections	  3.2.1	  to	  3.2.3	  are	  
presented	  and	  described	  below.	  
Undoped	  FePt	  nanoparticles	  
The	  data	  for	  un-­‐doped	  FePt	  nanoparticles	  annealed	  at	  temperatures	  up	  to	  300	  °C,	  is	  shown	  
below	  in	  Figure	  3.24.	  
	  
Figure	  3.24:	  	  SQUID	  magnetisation	  curves	  for	  FePt	  nanoalloys	  annealed	  at	  temperatures	  up	  
to	  300	  °C	  showing	  paramagnetic	  and	  superparamagnetic	  behaviour.	  
	  
In	  Figure	  3.24	  (above)	  there	  is	  a	  large	  difference	  in	  the	  susceptibility	  and	  saturation	  between	  
the	  FePt	   sample	  annealed	  at	  200	   °C,	  and	   the	   sample	  annealed	  at	  300	   °C.	   In	   the	  XRD	   (see	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Figure	   3.2)	   there	   is	   no	   major	   visible	   difference	   between	   the	   crystallinity	   of	   these	   two	  
samples,	  indicating	  that	  very	  subtle	  rearrangements	  of	  the	  atoms	  in	  the	  FePt	  nano	  alloy	  are	  
taking	  place,	  but	  significant	  changes	  in	  the	  alignment	  of	  the	  magnetic	  dipoles	  are	  occurring.	  	  
Further	  changes	  in	  the	  magnetisation	  curves	  for	  the	  FePt	  nanoparticles	  are	  evident	  at	  higher	  
annealing	  temperatures,	  as	  shown	  below	  in	  Figure	  3.25.	  
	  
Figure	  3.25:	  	  Magnetisation	  curves	  for	  FePt	  nanoparticles	  annealed	  at	  400	  °C	  up	  to	  600	  °C.	  	  	  
	  
In	  Figure	  3.25,	  it	  can	  be	  seen	  that	  the	  saturation	  magnetisation	  doubles	  after	  annealing	  from	  
300	   °C	   to	   400	   °C	   (compare	   Figure	   3.24).	   	   There	   is	   also	   a	   decrease	   in	  magnetic	   saturation	  
between	  the	  sample	  annealed	  at	  550	  °C	  and	  that	  annealed	  at	  600	  °C.	  	  This	  can	  be	  attributed	  
to	  the	  conversion	  of	  the	  magnetically	  soft	  A1	  phase	  to	  the	  magnetically	  hard	  L10	  phase.	  	  
The	  A1	  phase	  of	  FePt	  is	  a	  soft	  magnetic	  material,	  and	  thus	  can	  provide	  an	  explanation	  as	  to	  
why	   the	   SQUID	   curves	   change	   between	   550°	   and	   600	   °	   C	   in	   Figure	   3.25	   giving	   a	   lower	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saturation.	   This	   occurs	   because	   of	   the	   co-­‐existence	   of	   A1	   FePt	   and	   L10	   FePt,	   which	   is	  
apparent	  with	   the	  emergence	  of	   extra	   FePt	   reflections	   and	   stronger	   ‘splitting’	  of	   the	  XRD	  
peak	  which	  occurs	  around	  41°2θ,	  which	  is	  the	  (111)	  reflection	  for	  both	  alloys	  (Figure	  3.1).	  	  	  
	  
	  	  Doped	  FePt(Ag)	  nanoparticles	  
The	   SQUID	   curves	   for	   the	   [FePt]93Ag7	   nanoparticles	   annealed	   up	   to	   300	   °C	   are	   shown	   in	  
Figure	  3.26.	  
	  
Figure	  3.26:	  	  [FePt]93Ag7	  nanoalloys	  annealed	  up	  to	  300	  °C.	  	  	  
	  
Note	  that	  all	  the	  samples	  here	  are	  superparamagnetic.	  	  In	  the	  preceding	  system	  (FePt)	  the	  
SQUID	  curves	  annealed	  at	  the	  same	  temperatures	  revealed	  only	  paramagnetic	  behaviour	  of	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the	   samples.	   	   The	   saturation	  magnetisation	  of	   these	   samples	   is	   also	  about	  3	   times	  higher	  
than	  those	  of	  the	  un-­‐doped	  FePt	  nanoalloys	  annealed	  at	  these	  temperatures.	  
The	   results	   of	   the	   SQUID	   measurements	   of	   the	   [FePt]93Ag7	   nanoalloys	   annealed	   at	  
temperatures	  up	  to	  600	  °C	  are	  presented	  below	  in	  Figure	  3.27.	  
	  
	  
Figure	  3.27:	  	  SQUID	  curves	  of	  [FePt]93Ag7	  nanoalloys	  annealed	  at	  temperatures	  up	  to	  600	  °C.	  
	  
Figure	  3.27	  shows	  much	  larger	  coercivities	  than	  those	  achieved	  without	  silver	  doping,	  in	  the	  
pure	   FePt	   samples	   (see	   Figure	   3.25).	   	   Equilibrium	   SQUID	   data	   of	   the	   550	   °C	   and	   600	   °C	  
samples	  annealed	  at	  5	  and	  10	  hours	  are	  presented	  in	  a	  later	  section.	  	  	  
Like	   the	   FePt	   samples	   in	   Figure	   3.25,	   the	   SQUID	   results	   indicate	   that	   for	   [FePt]93Ag7,	   the	  
magnetic	  saturation	  and	  remanence	  decreases	  during	  the	  transition	  which	  occurs	  when	  the	  
temperature	  rises	  from	  550	  °C	  to	  600	  °C,	  which	  is	  again	  attributed	  to	  the	  conversion	  of	  A1	  to	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L10	   FePt	   phases.	   	   There	   are	   several	   ‘kinks’	   in	   the	   sample	   annealed	   at	   550	   °C	   (blue	   curve)	  
which	  are	  attributed	  to	  the	  presence	  of	  hard	  and	  soft	  regions	  of	  A1	  and	  L10	  material.	   	  The	  
kinks	   observed	   in	   the	   550	   °C	   SQUID	   sample	   could	   also	   be	   attributed	   to	   exchange	   spring	  
coupling	  between	   the	   soft	   and	  hard	  magnetic	  A1-­‐L10	   FePt	   phases,	   as	   suggested	  by	  Couet	  
[29],	  who	   studied	   the	   exchange	   spring	   coupling	   between	   the	   unit	   cells	   of	   tetragonal	   and	  
cubic	  FePt	  and	  their	  corresponding	  SQUID	  curves.	  	  It	  is	  interesting	  to	  note,	  as	  will	  be	  seen	  in	  
the	   ternary	   alloy	   section,	   with	   the	   (Co80Fe20)50Pt50	   materials,	   that	   the	   drop	   in	   saturation	  
magnetisation	   from	   550	   °C	   to	   600	   °C	   is	   less	   pronounced,	   since	   there	   is	   only	   a	   very	   small	  
fraction	  of	  that	  as	  iron,	  with	  the	  remainder	  cobalt	  platinum.	  
In	  summary,	  pure	  A1	  FePt	  nanoalloy	  converts	  to	  the	  L10	  phase,	  as	  has	  been	  seen	  in	  the	  XRD	  
and	   SQUID	   data.	   However,	   dissolved	   silver	   in	   the	   A1	   FePt	   lattice	   stabilises	   the	   A1	   phase,	  
even	  after	  annealing	  at	  600	  °C	  for	  one	  hour.	   	  Most	  of	  the	  silver	   is	  extruded	  from	  the	  FePt	  
lattice	  and	  is	  visible	  as	  the	  sharp	  cubic	  reflections	  (i.e	  not	  nano-­‐sized),	  but	  the	  remainder	  is	  
incorporated	  into	  the	  FePt	  lattice,	  possibly	  acting	  as	  pinning	  sites	  for	  domain	  wall	  motion	  in	  
larger	  aggregates	  annealed	  at	  600°C,	  resulting	  in	  the	  larger	  observed	  coercivities	  than	  in	  the	  
un-­‐doped	  FePt.	   	  The	  samples	  containing	  both	  the	  A1	  and	  L10	  FePt	  phases	  (as	  visible	  in	  the	  
XRD),	   exhibit	   kinks	   in	   the	   SQUID	   data	   due	   to	   the	   exchange-­‐coupling	   between	   the	  
magnetically	   hard	   and	   soft	   FePt	  phases.	   	   The	   interaction	  between	   the	  hard	   and	   soft	   FePt	  
phases	  results	  in	  the	  variation	  of	  saturation	  magnetisation	  values	  for	  these	  samples.	  
Referring	   back	   to	   the	   XRD	   in	   Figure	   3.2	   ([FePt]93Ag7)	   the	   set	   of	   reflections	   for	   the	   550	   °C	  
annealed	  sample	  (which	  shows	  the	  exchange-­‐spring	  kinks	  in	  Figure	  3.27)	  only	  displays	  very	  
weak	   reflections	   for	   the	   tetragonal	   phase	   (low	   intensity	   of	   the	   (002),	   (202)	   and	   (113)	  
reflections)	  which	  is	  the	  origin	  of	  the	  step-­‐like	  kinks	  in	  the	  SQUID	  data.	  	  This	  is	  similar	  to	  the	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behaviour	   observed	   by	   other	   groups	   studying	   materials	   that	   contain	   both	   hard	   and	   soft	  
magnetic	  phases,	  for	  e.g.	  [30-­‐31].	  
The	  final	  composition	  studied	  in	  the	  FePt(Ag)	  regime	  was	  [FePt]85Ag15,	  and	  the	  SQUID	  curves	  
for	  annealing	  temperatures	  up	  to	  300	  °C	  are	  shown	  below	  in	  Figure	  3.28.	  
	  
Figure	  3.28:	  SQUID	  curves	  for	  samples	  of	  [FePt]85Ag15	  annealed	  at	  temperatures	  up	  to	  300	  
°C.	  	  	  
	  
Here,	   similar	   to	   the	   pure	   FePt	   samples	   (but	   unlike	   the	   [FePt]93Ag7	   samples)	   annealed	   at	  
these	  temperatures,	  there	  are	  paramagnetic	  and	  superparamagnetic	  samples.	  	  This	  is	  likely	  
to	  be	  due	  to	  the	  initial	  retardation	  of	  the	  conversion	  of	  the	  A1	  cubic	  FePt	  phase	  arising	  from	  
the	  large	  amount	  of	  Ag	  incorporated	  into	  the	  lattice,	  hindering	  the	  structural	  ordering.	  
Figure	   3.29	   below	   depicts	   the	   SQUID	   magnetisation	   data	   for	   the	   samples	   annealed	   at	  
temperatures	  up	  to	  600°C.	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Figure	   3.29:	   	   SQUID	  magnetisation	  data	   for	   [FePt]85Ag15,	   nanoparticles	   annealed	  between	  
400	  °C	  and	  600	  °C.	  
Figure	  3.29	  indicates	  that,	  unlike	  the	  previous	  samples	  annealed	  at	  these	  temperatures	  (Figs	  
3.25	  and	  3.27)	  there	  is	  no	  decrease	  in	  the	  saturation	  and	  remanent	  magnetisation	  between	  
550	   °C	  and	  600	   °C.	   	  Although	   the	   shape	  of	   the	   loops	  are	   similar	   to	   those	  observed	   in	   the	  
literature,	  indicating	  a	  more	  complete	  transition	  to	  the	  ordered	  L10	  phase,	  as	  can	  be	  seen	  in	  
the	  c/a	  values	  (Figure	  3.6),	  there	  is	  no	  drop	  in	  the	  Ms	  value	  between	  the	  550°C	  and	  600	  °C	  
sample	   as	   observed	   in	   the	   [FePt]93Ag7	   samples,	   but	   there	   are	   exchange-­‐spring	   ‘kinks’	  
evident	  which	  arise	  from	  the	  presence	  of	  the	  soft	  magnetic	  A1	  FePt	  phase.	  
Some	  authors,	  for	  example	  Liu	  [32],	  studied	  Ag-­‐Fe	  alloys	  by	  reverse	  micelle	  synthesis.	  In	  this	  
thesis,	   no	  Ag-­‐alloys	  were	  detected,	  however	  elemental	   iron	  was	  detected,	   for	   example	   in	  
Figure	  3.4,	  and	  this	  can	  arise	  when	  Ag	  resides	  in	  the	  Fe	  lattice	  position	  in	  the	  A1	  FePt	  alloy.	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A	  summary	  of	  the	  magnetic	  coercivities	  of	  the	  FePt(Ag)	  alloy	  family	  is	  shown	  below	  in	  Figure	  
3.30.	  
	  
Figure	  3.30:	   	  Magnetic	  coercivities	   (H)	  of	   the	  FePt(Ag)	   families.	   (Solid	   lines	  are	  a	  guide	   for	  
the	  eye).	  
The	  effect	  of	  the	  size	  of	  the	  FePt	  crystallites	  on	  the	  coercive	  strengths	  of	  the	  nanoparticles	  
will	  be	  discussed	  in	  the	  discussion	  section	  (Section	  3.4)	  where	  it	  will	  be	  contrasted	  with	  the	  
ternary	  alloy	  data	  (next	  section).	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Figure	   3.31:	   	   Magnetic	   saturation	   for	   FePt(Ag)	   nanoalloys	   annealed	   at	   different	  
temperatures	  for	  one	  hour.	  (The	  solid	  lines	  are	  a	  guide	  for	  the	  eye).	  
	  
	  	  	  	  	  	  	  	  	   	  
Figure	  3.32:	  	  Remanence	  plots	  for	  FePt(Ag)	  nano	  alloys	  annealed	  at	  different	  temperatures	  
for	  one	  hour.	  (Solid	  lines	  are	  a	  guide	  for	  the	  eye).	  
	  
The	  data	  from	  Figures	  3.29	  -­‐	  3.31	  will	  be	  discussed	  in	  Section	  3.4	  where	  they	  will	  be	  
contrasted	  against	  the	  ternary	  alloys.	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3.3	  	   Experimental	  Results	  for	  Ternary	  CoFePt	  Alloys	  
	  
3.3.1	   Structural	  Investigation	  of	  CoFePt(Ag)	  Nanoalloys:	  X-­‐Ray	  Diffraction	  Studies	  
	  
In	   the	   preceding	   section,	   a	   detailed	   investigation	   of	   the	   crystallography	   and	   magnetic	  
characteristics	  of	  the	  FePt	  system	  (with	  and	  without	  silver	  doping)	  was	  presented.	  The	  unit	  
cells	  formed	  were	  alternating	  layers	  of	  Fe	  and	  Pt	  atoms	  arranged	  as	  shown	  below	  in	  Figure	  
3.33	   (a),	   (b)	   and	   (c).	   	   Skomski	   [33]	   found	   that	   the	   addition	   of	   cobalt	   atoms	   into	   these	  
alternating	  layers	  of	  Fe	  and	  Pt	  can	  result	   in	  a	  third	  unit	  cell	  type,	  L10	  ABC2,	  where	  A	  and	  B	  
are	  alternating	  layers	  of	  3d	  and	  5d	  atoms	  with	  3d	  atoms	  as	  shown	  in	  Figure	  3.33	  (d).	  	  Any	  L10	  
compound	  with	  an	  ABC2	  composition	  can	  form	  AC	  and	  AB	  L10	  phases,	  and	  also	   form	  solid	  
solutions	  in	  the	  A-­‐B	  plane	  and	  in-­‐plane	  phase	  segregation	  of	  	  	  	  	  Fe1-­‐xCoxPt	  has	  been	  explored	  
by	  Maclaren	  [34].	  	  ACBC-­‐type	  stacking	  is	  also	  possible.	  	  Unit	  cell	  diagrams	  for	  these	  stacking	  
arrangements	  are	  presented	  below	  in	  Figure	  3.33.	  
	  
Figure	  3.33:	  a)	  A1	  (i.e	  fcc	  FePt),	  b)	  L12	  (i.e.	  FePt3),	  c)	  binary	  L10	  (i.e.	  fct	  FePt),	  and	  d)	  ternary	  
L10	  (ABC2,	  with	  1a	  =	  A,	  1c	  =	  B,	  2e	  =	  C)	  unit	  cells	  (Figure	  reproduced	  from	  [33]).	  
B	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  It	   is	   known	   that	   addition	   of	   cobalt	   into	   FePt	   systems	   can	   increase	   the	   saturation	  
magnetisation	   (for	   example	   reference	   [35]).	   	   The	   Fe65Co35	   alloy	   has	   the	   highest	   known	  
saturation	  magnetisation	  (for	  any	  magnetic	  material)	  measured	  so	  far,	  1950	  emu/cm3	  and	  
as	   such,	   FeCoPt	   materials	   are	   expected	   to	   feature	   high	   magnetocrystalline	   anisotropy	  
stemming	   from	   L10	   FePt	   (7	   x	   107	   erg/cm3)	   and	  high	   saturation	   from	  FeCo.	   	   Liu	   et	   al.	   [36]	  
prepared	  thin	  films	  of	  (Fe,Co)Pt	  with	  a	  fixed	  ratio	  of	  Fe:Co	  of	  65:35	  and	  varying	  (Fe65Co35):Pt	  
ratios	   and	   observed	   the	   formation	   of	   a	   L10	   (Fe,Co)Pt	   phase	   and	   a	   fcc	   Fe(Co,Pt)	   phase.	  	  
Kovacs	  et	  al.	  also	  prepared	  L10	  Fe40Co10Pt50	  nanoparticles	  and	  reported	  that	  Co	  replaced	  the	  
Fe	   sites	   in	   the	   L10	   structure.	   	   They	   noted	   that	   the	   formation	   of	   ‘anti-­‐phase	   boundaries’	  
which	   hindered	   the	   formation	   of	   the	   L10	   structure	   (which	   has	   also	   been	   studied	   for	   FePt	  
[37]).	   	   Sudfeld	   et	   al.	   studied	   ternary	   alloy	   CoFePt	   nanoparticles	   and	   observed	   phases	   of	  
FePt3,	  CoPt3,	  and	  CoFePt2	  (~34°2ϴ)	  in	  the	  XRD	  with	  lattice	  parameters	  a	  =	  3.833	  Å	  and	  c	  =	  
3.718	   Å,	   and	   noted	   d	   spacings	   in	   the	   HRTEM	   [38].	   These	   authors	   also	   recorded	   a	  mix	   of	  
monodisperse	  spheres	  and	  cubes	  of	  Fe50Pt50,	  similar	  to	  those	  observed	  in	  Figure	  3.21.	  	  
	  
(Co80Fe20)50Pt50,	  [(Co80Fe20)50Pt50]93Ag7	  and	  [(Co80Fe20)50Pt50]85Ag15	  Nanoalloys	  
	  
	  
The	  preparation	  of	  the	  CoFePt(Ag)	  ternary	  alloys	  followed	  the	  process	  outlined	  in	  Sections	  
2.1.4	  and	  2.1.5	  (Chapter	  2).	  The	  temperature-­‐dependant	  XRD	  patterns	  for	  the	  un-­‐doped	  and	  
doped	  CoFePt	   system	  were	   recorded,	   and	   are	   shown	   in	   Figures	   3.34,	   3.35,	   3,37	   and	  3.38	  
below.	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The	  XRD	  patterns	  of	   (Co80Fe20)50Pt50	   in	  Figure	  3.34	  show	  low	  signal-­‐to-­‐noise	  ratios,	  and	  do	  
not	  show	  obvious	  splitting	  of	   the	   (200),	   (220)	  and	   (311)	  peaks	   for	   tetragonalisation	  of	   the	  
system	   (though	   these	   peaks	   do	   broaden,	   and	   can	   be	   deconvoluted	   to	   reveal	   the	   peak	  
splitting)	   at	   600	   °C.	   It	   is	   known	   that	   addition	   of	   cobalt	   into	   FePt	   matrices	   retards	   the	  
formation	  of	  the	  ordered	  material,	  which	  is	  similar	  to	  what	  has	  been	  reported	  by	  Nikels	  and	  
co–workers	   [39]	  who	  observed	   that	  FePt	  nanoparticles	  with	  7	  –	  17	  %	  cobalt	  addition	   (i.e.	  
Fe49Co7Pt44	   and	   Fe40Co17Pt43)	   transformed	   to	   the	   L10	   phase	   after	   30	   minutes	   of	   600	   °C	  
annealing	  (c/a	  =	  0.971-­‐0.976),	  but	  higher	  cobalt	  contents	  (Fe23Co27Pt50)	  only	  transformed	  to	  
the	  tetragonal	  state	  after	  3	  hours	  of	  700	  °C	  annealing	  with	  a	  c/a	  quotient	  of	  0.971	  (0.998	  for	  
1hr	   at	   700	   °C).	   	   The	   (Co80Fe20)50Pt50	   nanoalloy	   in	   this	   thesis	   was	   heated	   at	   elevated	  
temperatures,	   but	   rather	   than	   splitting	   of	   peaks	   being	   observed,	   a	   reversion	   to	   a	   cubic	  
appearance	  of	  the	  XRD	  was	  observed,	  as	  shown	  in	  Figure	  3.35.	  	  
	  
Figure	  3.35:	  	  (Co80Fe20)50Pt50	  nanoalloy	  annealed	  at	  higher	  temperatures,	  showing	  a	  cubic	  
structure,	  which	  however	  does	  not	  correspond	  to	  CoPt	  or	  FePt	  reflections.	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The	  reflection	  labelled	  as	  “(311)”	  trends	  to	  higher	  2θ	  values	  as	  the	  annealing	  temperature	  is	  
increased.	  The	  shift	  is	  significant,	  spanning	  almost	  4°2θ,	  as	  shown	  in	  Figure	  3.36.	  
	  
Figure	  3.36:	   	  The	  shift	   in	  peak	  position	   for	   the	  311	  peak	   for	   the	   (Co80Fe20)50Pt50	  nanoalloy	  
annealed	  at	  different	  temperatures.	  	  
	  
Figure	   3.36	   shows	   a	   two-­‐step	   process	   occurring	   for	   the	   temperature-­‐induced	   peak	   shift,	  
which	   appears	   to	   stop	   at	   around	   700	   °C,	  which	  was	   the	   temperature	   that	  Nikels	   and	   co-­‐
workers	  found	  adequate	  to	  tetragonalise	  their	  (Fe46Co52)50Pt50	  alloy	  [39].	  	  	  
Silver-­‐doped	  [(Co80Fe20)50Pt50]93Ag7	  Nanoalloys	  
	  
The	  XRD	  patterns	  obtained	  as	  a	  function	  of	  annealing	  temperature	  for	  [(Co80Fe20)50Pt50]93Ag7	  
nanoalloys	  are	  presented	  in	  Figure	  3.37,	  below.	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The	  XRD	  results	  in	  Figure	  3.37	  indicate	  that	  the	  silver	  dopant	  has	  overcome	  the	  CoFePt	  alloy	  
formation	  difficulties	  noted	  by	  Nikels	   [39].	   	  This	   is	  evident	  as	  the	   increased	  signal	  to	  noise	  
ratio	  of	  the	  data,	  the	  increased	  resolution	  of	  the	  reflections	  and	  the	  clearer	  splitting	  of	  the	  
tetragonal	  peaks	  alongside	  the	  emergence	  of	  the	  super-­‐lattice	  (001)	  and	  (110)	  peaks.	  	  It	  is	  of	  
interest	  that	  the	  silver	  addition	  has	  shifted	  the	  peak	  positions	  in	  the	  XRD	  to	  lower	  2θ	  values	  
(as	   compared	   to	   the	   un-­‐doped	   alloys	   in	   the	   preceding	   section),	   with	   the	   observed	   peaks	  
matching	  those	  of	  the	  CoPt	  JCPDS	  card	  more	  closely	  than	  without	  silver.	  	  Broadening	  of	  the	  
reflections	  where	   tetragonal	   splitting	  would	  occur	   for	   L10	   CoPt	   and	   FePt	   is	   evident	   in	   the	  
sample	   annealed	   at	   600	   °C	   (at	   around	   48,	   70	   and	   85°2θ)	   and	   the	   formation	   of	   super-­‐
structure	   (001)	  and	   (110)	   reflections	  at	  24	  and	  33°2θ).Inside	   the	  visible	   (111)	   reflection	  of	  
the	   [(Co80Fe20)50Pt50]93Ag7	   alloy	   system	   of	   Figure	   3.37	   (which	   occurs	   at	   41.61°2θ)	   are	  
possible	   convolutions	   of	   the	   FePt	   (111)	   reflection	   at	   41.05	   °2θ,	   FePt3	   (111)	   reflection	   at	  
40.45°2ϴ	  and	  the	  CoPt3	  (111)	  reflection	  at	  40.53°2θ.	  	  All	  of	  these	  peaks	  give	  rise	  to	  the	  peak	  
broadening	  (when	  it	  should	  in	  fact	  become	  narrower	  due	  to	  crystallite	  growth)	  of	  the	  overall	  
“(111)	   reflection”	   observed	   at	   600	   °C	   in	   Figure	   3.37.	   The	   [(Co80Fe20)50Pt50]93Ag7	   nanoalloy	  
undergoes	  a	  transition	  from	  cubic	  to	  tetragonal	  after	  annealing	  at	  500	  °C.	  	  This	  is	  evident	  as	  
a	  peak	  shift	  in	  the	  reflection	  near	  41°2θ	  to	  higher	  angles	  in	  the	  samples	  annealed	  at	  400	  °C	  
and	  500	  °C.	   	  The	  tetragonal	  conversion	  of	  the	  sample	  at	  500	  °C	   is	  evident	   in	  the	  magnetic	  
data	   where	   the	   coercivity	   behaviour	   is	   indicative	   of	   the	   phase	   change.	   	   At	   550	   °C	   the	  
tetragonal	  super-­‐structure	  (001)	  and	  (110)	  reflections	  are	  evident.	  	  	  	  
Silver-­‐doped	  [(Co80Fe20)50Pt50]85Ag15	  Nanoalloys	  
The	  temperature-­‐dependant	  XRD	  crystallography	  of	  the	  [(Co80Fe20)50Pt50]85Ag15	  nanoalloys	  is	  
presented	  below	  in	  Figure	  3.38.	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With	   the	   increase	   in	   the	   silver	   content	   to	   15	   atomic	   percent	   the	   alloy	   forms	  much	  more	  
readily	   than	   in	   the	   preceding	   XRD	   Figures	   3.37	   and	   3.34.	   	   The	   600	   °C	   sample	   (111)	   peak	  
shows	  a	  shift	  towards	  higher	  2	  ϴ	  values.	  	  At	  500	  °C	  both	  the	  A1	  and	  L10	  CoPt	  phase	  can	  be	  
clearly	  identified.	  
This	   enhanced	   ordering	   over	   the	   un-­‐doped	   CoFePt	   system	   is	   further	   evidenced	   by	   the	  
change	  c/a	  ratios,	  which	  are	  shown	  below	  in	  Figure	  3.39,	  along	  with	  the	  unit	  cell	  volumes	  in	  
Figure	  3.40.	  
	  
Figure	  3.39:	  	  c/a	  data	  for	  all	  CoFePt(Ag)	  nanoalloys.	  The	  solid	  lines	  are	  a	  guide	  for	  the	  eye.	  	  	  	  
	  
As	  can	  be	  seen	   in	  Figure	  3.39,	   the	  effect	  of	  silver	  doping	  on	  the	   (Co80Fe20)50Pt50(Ag)	  alloys	  
(similar	  to	  the	  binary	  FePt(Ag)	  alloys)	   is	  difficult	   to	  observe	  solely	  on	  the	  basis	  of	  the	  axial	  
ratio	   (c/a	   values).	   	   The	   effect	   of	   Ag	   addition	   on	   the	   (Co80Fe20)50Pt50	   system	   in	   relation	   to	  
morphology	  and	  microstructure	  is	  presented	  in	  the	  following	  section.	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Figure	  3.40:	  	  Cell	  volumes	  for	  CoFePt(Ag)	  nanoalloys.	  (Solid	  lines	  are	  a	  guide	  for	  the	  eye).	  
Figure	   3.40	   shows	   the	   decreasing	   trend	   in	   cell	   volume	   with	   increased	   annealing	  
temperature.	   	   With	   increasing	   silver	   dopant	   concentration,	   there	   is	   an	   increase	   in	   the	  
calculated	  cell	  volume	  for	  the	  ternary	  alloy.	  	  	  
	   	  
Ag-­‐doping	  hinders	  the	  unit	  cell	  contraction	  to	  form	  the	  tetragonal	  phase,	  which	  is	  visible	  in	  
the	   larger	   cell	   volumes	   with	   silver	   doping.	   	   This	   tetragonal-­‐hindrance	   visible	   in	   the	   cell	  
volume	   plots	   for	   silver-­‐doped	   CoFePt	   (Figure	   3.39)	   correlates	  with	   the	   reduced	   coercivity	  
values	  in	  the	  magnetic	  data,	  both	  of	  which	  reveal	  a	  lack	  of	  transformation	  to	  the	  tetragonal	  
phase,	  and	  indicate	  that	  silver,	  in	  effect,	  stabilises	  the	  A1	  phase.	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Figure	  3.41:	  	  Scherrer	  calculated	  crystallite	  sizes	  for	  [(Co80Fe20Pt)50],	  [(Co80Fe20Pt)50]93Ag7	  and	  
[(Co80Fe20Pt)50]85Ag15	   nanoparticles	   annealed	   with	   increasing	   temperature	   for	   one	   hour.	  
(Solid	  lines	  are	  a	  guide	  for	  the	  eye).	  
	  
Figure	   3.41	   highlights	   the	   different	   growth	   rates	   (as	   a	   function	   of	   temperature)	   of	   the	  
nanocrystallites	  with	   increasing	   silver	   content.	   Similar	   to	   the	  binary	   alloys	   of	   FePt(Ag),	   Ag	  
acts	  to	  enhance	  the	  growth	  of	  the	  nanocrystallites	  during	  the	  annealing	  process.	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3.3.2	  Microstructure	  of	  CoFePt(Ag)	  Nanoalloys	  
	  
HRTEM	  examinations	  of	  the	  (Co80Fe20)50Pt50	  nanoalloy	  system	  are	  presented	  in	  the	  following	  
sections.	   	   Figure	   3.42	   is	   an	   image	   of	   a	   sample	   of	   (Co80Fe20)50Pt50	   nanoparticles	   after	   they	  
have	  been	  annealed	  at	  600	  °C	  for	  one	  hour,	  where	  a	  combination	  of	  A1	  and	  L10	  crystalline	  
phases	  is	  evident	  from	  the	  lattice	  images.	  	  
	  
Figure	  3.42:	  	  HRTEM	  image	  of	  (Co80Fe20)50Pt50	  nanoalloy	  annealed	  at	  600	  °C	  for	  one	  hour.	  	  
	  
	  
L10	  	  
	  	  
A1	  	  
L10	  	  
	  	  
c-­‐axis	  
Pt	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In	  Figure	  3.42	  (above),	  in	  the	  region	  labelled	  as	  “A1”,	  it	  will	  be	  noted	  that	  there	  is	  no	  clear	  
distinction	  in	  the	  contrast	  from	  atom	  to	  atom,	  which	  are	  more-­‐or-­‐less	  randomly	  organised,	  
such	  as	  characterises	  A1	  chemically	  disordered	  materials,	  and	  the	  atoms	  are	  arranged	  in	  a	  
cubic	  array.	   	  When	  observed	  with	  HRTEM,	  elements	  such	  as	  Pt	  (with	  high	  atomic	  number)	  
appear	   brighter,	   while	   elements	   such	   as	   Co	   and	   Fe	   (having	   comparatively	   lower	   atomic	  
numbers	   than	   Pt)	   appear	   darker,	   a	   phenomenon	   arising	   from	   electronic	   scattering	   cross	  
sections	   [40].	   	   In	   the	   region	   labelled	   “L10”,	   it	   is	   possible	   to	   see	   the	   regular	   stacking	   of	   Pt	  
(lighter)	  with	  Co	  and	  Fe	  (darker)	  that	  characterises	  L10	  chemical	  order	  [40].	  	  After	  annealing	  
at	  600	  °C,	  d-­‐spacings	  that	  can	  be	  indexed	  to	  both	  FePt	  and	  CoPt	  are	  evident,	  as	  presented	  in	  
Figure	  3.43.	  
	  
	  
Figure	  3.43:	  	  (Co80Fe20)50Pt50	  nanoalloy	  annealed	  at	  600	  °C.	  
	  	  
2.16	  Å,	  (111)	  
1.87	  Å,	  (002)	  
2.139	  Å,	  (111)	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Figure	  3.43	  presents	  lattice	  images	  that	  can	  be	  assigned	  to	  various	  CoPt	  lattice	  planes,	  some	  
of	  which	  correspond	  to	  what	  is	  observed	  in	  the	  XRD	  at	  600	  °C.	   	  The	  2.16	  Å	  spacing	  can	  be	  
assigned	   to	  CoPt	   (111),	  while	   the	  1.87	  Å	   spacing	   can	  be	  assigned	   to	   the	   tetragonally-­‐split	  
(002)	   plane	   of	   CoPt,	   which	   is	   not	   visible	   in	   the	   XRD	   of	   this	   sample.	   	   The	   2.139	   Å	   lattice	  
spacing	  can	  be	  assigned	   to	   the	  CoPt	   (111)	  plane,	  and	   is	   slightly	   smaller	   than	   the	  standard	  
bulk	   value	   of	   2.197	   Å,	   possibly	   indicating	   that	   there	   is	   localised	   strain	   exerted	   on	   this	  
particular	  part	  of	  the	  sample	  (or	  the	  whole	  sample,	  since	  the	  entire	  XRD	  is	  shifted)	  –	  close	  
inspection	  of	  this	  region	  reveals	  that	  there	  is	  sintering	  with	  another	  nanoparticle	  (indicated	  
with	  the	  arrow),	  which	  could	  result	  in	  lattice	  mismatch	  and	  strain	  resulting	  in	  the	  difference	  
between	  observed	  and	  JCPDS	  values	  for	  this	  (111)	  plane.	  	  This	  smaller	  dimension	  is	  evident	  
in	  the	  XRD	  as	  there	  is	  a	  uniform	  shifting	  of	  2ϴ	  to	  higher	  degrees.	   	  Thus,	   it	  appears	  to	  be	  a	  
strained	  cubic	  system.	  	  What	  appears	  to	  be	  a	  “split	  (002)”	  reflection	  in	  the	  XRD	  data	  for	  the	  
(Co80Fe20)50Pt50,	  without	  the	  parent	  (200)	  reflection	   is	   in	  fact	  a	  (200)	  reflection	  shifted	  to	  a	  
higher	  2θ	  value.	  The	  strain	  arises	  as	  a	  result	  of	  adding	  20	  atom%	  FePt	  to	  the	  80	  atom%	  CoPt	  
to	   form	  a	  solid	  solution,	  and	  the	  FePt	   is	  generating	  strain	   in	   the	  CoPt	  which	  results	   in	   the	  
observed	  peak	  shift	  in	  the	  (Co80Fe20)50Pt50	  alloy	  system.	  
Morphology	  of	  Carbon-­‐Coated	  (Co80Fe20)50Pt50(Ag)	  Nanoalloys	  
	  
As	   discussed	   in	   Chapter	   2,	   graphitic	   carbon	   coatings	   were	   prepared	   on	   the	   nanoparticle	  
surfaces	  by	  incorporating	  sucrose	  into	  the	  reaction	  procedure	  which	  graphitises	  during	  the	  
annealing	   process.	   	   This	   restricts	   the	   growth	   of	   the	   nanoparticles,	   resulting	   in	   a	  
predominantly	  spherical	  morphology	  as	  is	  indicated	  in	  Figure	  3.44.	  	  
	  
	  
147	  
	  
Figure	  3.44:	  	  Grain	  boundary	  in	  a	  (Co80Fe20)50Pt50	  nanoparticle	  annealed	  at	  800	  °C	  encased	  in	  
carbon,	  with	  a	  clear	  grain	  boundary	  as	  indicated	  by	  the	  arrow.	  	  
	  
The	  nanoparticles	  in	  Figure	  3.44	  are	  mainly	  spherical,	  due	  in	  part	  to	  the	  carbon	  coating,	  and	  
because	   of	   the	   absence	   of	   silver	   doping.	   Hussein	   observed	   that	   CoPt	   grown	   in	   close	  
proximity	   to	   the	   PtSb	   dopant	   phase	   resulted	   in	   preferential	   growth	   along	   a	   particular	  
crystallographic	  plane,	  giving	  anisotropic	  particles	  [4],	  and	  	  Wang	  showed	  that	  Ag	  promoted	  
faceted	   growth	   of	   FePt	   nanoparticles	   [28].	   	   The	   graphite	   shell	   also	   gives	   rise	   to	  
polydispersity	  of	  the	  nanoparticle	  diameters	  as	  seen	  in	  Figure	  3.44.	  
The	  carbon	  shell	  in	  Figure	  3.44	  masks	  the	  diffraction,	  as	  is	  evidenced	  by	  the	  weak	  diffraction	  
spots	   of	   the	   corresponding	   SAED	   pattern	   in	   Figure	   3.45,	   an	   effect	   which	   Park	   et	   al.	  
encountered	  with	  FeCo	  nanoparticles	  (see	  supplementary	  information	  in	  [41]).	  	  
	  
	  
148	  
	  
Figure	  3.45:	  SAED	  for	  the	  nanoparticle	  of	  (Co80Fe20)50Pt50	  annealed	  at	  800	  °C	  showing	  lattice	  
spacings	  of	  2.65	  Å	  (can	  be	  CoPt	  110),	  2.14	  Å	  (CoPt	  (111)	  and	  1.87	  Å	  (CoPt	  002),	  which	  is	  the	  
strained	  CoPt	  lattice.	  	  
	  
	  
	  
Figure	  3.46:	  	  (Co80Fe20)50Pt50	  annealed	  at	  800	  °C,	  with	  inverse	  Fourier	  transform	  as	  the	  inset	  
showing	  the	  cubic	  stacking	  of	  the	  atoms.	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The	  HRTEM	  image	  shown	  in	  Figure	  3.46	  illustrates	  a	  particle	  possessing	  a	  d	  spacing	  of	  2.148	  
Å,	  which	  is	  smaller	  than	  the	  CoPt	  (111),	  2.186	  Å,	  and	  smaller	  than	  the	  FePt	  (111),	  2.197	  Å,	  
further	  indicating	  the	  strained	  nature	  of	  the	  CoFePt	  solid	  solution.	  	  This	  strain	  produces	  the	  
shift	  in	  higher	  2	  θ	  values	  seen	  in	  the	  XRD,	  and	  contributes	  to	  magneto-­‐crystalline	  anisotropy,	  
which	  results	  in	  the	  coercivity	  of	  the	  cubic	  material	  observed	  in	  the	  SQUID.	  Also,	  the	  atoms	  
are	  arranged	  in	  a	  cubic	  fashion,	  like	  that	  observed	  in	  the	  XRD.	  
Figure	  3.47	  presents	  a	  SAED	  pattern	  for	  the	  (Co80Fe20)50Pt50	  phase	  after	  annealing	  at	  800	  °C	  
for	  1	  hour,	  which	  indicates	  the	  presence	  of	  the	  L10	  phase.	  
	  
	  
Figure	  3.47:	  SAED	  pattern	  of	  the	  (Co80Fe20)50Pt50	  nano	  alloy	  annealed	  at	  800	  oC	  for	  one	  hour,	  
showing	  L10	  diffraction	  spots.	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Figure	  3.48	  depicts	   the	  chemical	  ordering	  of	   the	   (Co80Fe20)50Pt50	   system	  after	  annealing	  at	  
800	  °C.	  	  Here,	  despite	  the	  apparent	  cubic	  nature	  of	  the	  system	  (as	  observed	  in	  Figure	  3.47),	  
clear	  regions	  of	  tetragonal	  material	  (as	  well	  as	  cubic	  alloy)	  are	  visible.	  
	  
Figure	  3.48:	  (Co80Fe20)50Pt50	  nanoparticles	  annealed	  at	  800°C	  for	  one	  hour.	  	  
	  
The	   spacings	   calculated	   from	   FFT	   analysis	   of	   Figure	   3.48	   are	   1.364	  Å	   (CoPt	   220),	   1.527	  Å	  
(CoPt	   112),	   1.555	  Å,	   1.878	  Å	   (CoPt	   002),	   2.188	  Å	   (CoPt	   111),	   2.208	  Å	   (FePt	   111),	   2.782	  Å	  
(FePt	  110),	  and	  3.697	  Å	  (CoPt	  001).	  When	  measured	  directly	  from	  the	  TEM	  micrograph,	  the	  
average	  of	  10	  lattice	  spacings	  gives	  the	  (111)	  plane	  a	  spacing	  of	  2.25	  Å.	  
	  
2	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Rows	  of	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Rows	  of	  Co	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Fast	  Fourier	  Transform	   (FFT)	  analysis	  of	   the	  HRTEM	   image	   in	  Figure	  3.48	  above	  yields	   the	  
following	  data.	  
	  
Figure	  3.49:	  	  FFT	  of	  the	  (Co80Fe20)50Pt50	  nanoalloy	  annealed	  at	  800°C	  from	  Figure	  3.48.	  	  	  
	  
Of	  interest	  in	  Figure	  3.49,	  are	  the	  close	  proximity	  of	  the	  diffraction	  spots,	  which	  correspond	  
to	  the	  CoPt	  phase	  (major	  spots)	  and	  FePt	  phase	  (minor	  spots).	  
	  
Nanoparticle	   growth	   in	   the	   (Co80Fe20)50Pt50	   system	   is	   visible	   in	   Figure	   3.50,	   where	   the	  
sintering	   of	   two	   nanoparticles	   generates	   diffracting	   crystallites	   in	   the	   size	   range	   as	  
calculated	  by	  the	  Scherrer	  equation	  for	  this	  system.	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Figure	   3.50:	   	   HRTEM	   of	   (Co80Fe20)50Pt50	   annealed	   at	   800	   °C	   showing	   sintering	   of	   two	  
(Co80Fe20)50Pt50	  nanoparticles	  at	  800	  °C.	  	  	  
	  
From	  the	  calculations	  in	  the	  preceding	  section,	  derived	  from	  the	  Scherrer	  relation,	  the	  size	  
of	  the	  diffracting	  crystallite	  increases	  from	  8.2nm	  at	  600	  °C,	  to	  13.3	  nm	  at	  700	  °C	  	  and	  then	  
to	  24.7	  nm	  at	  800	  °C,	  indicating	  the	  sintering	  of	  large	  ensembles	  of	  large	  nanoparticles	  such	  
as	  those	  depicted	  in	  Figure	  3.50.	  
The	  effect	  of	   the	  sucrose-­‐mediated	  carbon	  coating	  on	  the	  poly	  dispersity	   the	  nanoparticle	  
diameters	   is	  evident	   in	  Figure	  3.51,	   for	   the	   (Co80Fe20)50Pt50	  annealed	  at	  600	   °C,	  where	   the	  
particle	  diameters	  range	  from	  5	  –	  25	  nm.	  	  
Sintering	  and	  fusion	  of	  
two	  particles.	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Figure	  3.51:	   	  (Co80Fe20)50Pt50	  annealed	  at	  600	  °C	  in	  the	  presence	  of	  sucrose,	  which	  forms	  a	  
continuous	   coating	   around	   the	   particles.	   	   (Arrows	   indicate	   individual	   particles	   free	   of	  
sintering).	  	  
	  
The	   carbon	   coating	   on	   the	   nanoparticles	   in	   Figure	   3.49	   helps	   to	   prevent	   sintering	   of	   the	  
nanoparticles,	   as	   can	   be	   seen	   by	   the	   individual	   nanoparticles	   present	   in	   the	   sample,	  
indicated	   by	   the	   arrows.	   	   The	   carbon	   coating	   greatly	   diminishes	   the	   observed	   diffraction	  
spots	  in	  the	  SAED	  pattern	  collected	  from	  the	  region	  of	  carbon-­‐coated	  nanoparticles,	  which	  is	  
shown	  in	  Figure	  3.52.	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Figure	  3.52:	   	  Reduced	  intensity,	  “masked”	  SAED	  pattern	  of	  the	  (Co80Fe20)50Pt50	  annealed	  at	  
600	  °C.	  	  
	  
It	  is	  interesting	  to	  observe	  the	  masked	  SAED	  patterns	  for	  carbon-­‐coated	  nanoalloy	  samples	  
(where	   the	   outer-­‐most	   rings	   have	   been	  masked	   by	   the	   carbon)	   exhibiting	   only	   the	   inner	  
most	  (111)	  and	  (110)	  planes	  of	  CoPt	  and	  or	  FePt,	  which	  is	  in	  agreement	  with	  that	  observed	  
by	  Park	  et	  al.	  Supplementary	  Information	  in	  [41]).	  	  
The	   effect	   of	   silver	   addition	   to	   the	   (Co80Fe20)50Pt50	   nanoalloy	   system	   is	   discussed	   in	   the	  
following	  sections.	   	  As	  noted	   in	  the	  preceding	  section,	  carbon	  had	  the	  effect	  of	   restricting	  
faceted	   growth	   of	   the	   nanoparticles.	   	   Figure	   3.53	   presents	   the	   TEM	   image	   and	  
corresponding	  SAED	  pattern	  of	  a	  [(Co80Fe20)50Pt50]93Ag7	  nanoalloy	  annealed	  at	  500	  °C	  for	  one	  
hour,	  with	  a	  graphite	  coating.	  
(110)	  CoPt/FePt	  
(111)	  CoPt/FePt	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Figure	   3.53:	   	  Corresponding	   HRTEM	   and	   SAED	   images	   of	   [(Co80Fe20)50Pt50]93Ag7	   nanoalloy	  
annealed	  at	  500	  °C.	  
	  
The	  SAED	  pattern	  of	  Figure	  3.53	   includes	  d	  spacings	  of	  1.82	  Å	   (L10	  002),	  2.19	  Å	   (L10	  111),	  
2.65	  Å	  (L10	  110)	  as	  well	  as	  a	  spacing	  of	  5.34	  Å,	  corresponding	  to	  either	  graphite,	  or	  the	  γ1	  
phase	  of	  FePt,	  as	  was	   found	  by	  Chang	  et	  al.	   [42],	   in	  boron-­‐containing	  FePt	   thin	   films	   that	  
were	  annealed	  at	  500	   oC	   for	  5	  hours.	   	   Further	  analysis	  of	  different	   regions	  of	   this	   sample	  
generates	  the	  TEM	  image	  and	  corresponding	  SAED	  pattern	  illustrated	  in	  Figure	  3.54,	  where	  
extra	  L10	  reflections	  are	  evident,	  namely	  the	  L10	  (311)	  at	  1.14	  Å,	  the	  L10	  (220)	  at	  1.36	  Å,	  as	  
well	  as	  the	  L10	  (111)	  at	  2.19	  Å,	  the	  L10	  (002)	  reflection	  at	  1.88	  Å,	  which	  were	  also	  observed	  
in	  the	  preceding	  Figure	  (3.53).	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Figure	  3.54:	  	  TEM	  and	  SAED	  images	  of	  [(Co80Fe20)50Pt50]93Ag7	  annealed	  at	  500	  °C.	  
The	  nanoparticles	  of	  [(Co80Fe20)50Pt50]93Ag7	  shown	  in	  Figure	  3.55	  are	  encapsulated	  in	  carbon	  
(as	   circled),	   which	   suppresses	   the	   electron	   diffraction	   corresponding	   to	   the	   outermost	  
reflections	  of	   the	  SAED	  pattern,	   similar	   to	   that	  of	  Figure	  3.52,	  derived	   from	  an	  SAED	  on	  a	  
selected	  area	  of	  Figure	  3.51.	  	  	  
	  
Figure	  3.55:	  	  TEM	  and	  SAED	  images	  of	  [(Co80Fe20)50Pt50]93Ag7	  nanoparticles	  annealed	  at	  500	  
°C.	  
Figure	  3.56	  gives	  nanoparticles	   from	  the	   same	   [(Co80Fe20)50Pt50]93Ag7	   sample	   residing	  on	  a	  
wedge	   of	   graphite,	  which	   is	   not	   visible	   in	   the	   SAED.	  One	   reason	   for	   this	   is	   that	   the	  main	  
(111)	  L10	  (200)	  L10	  
(220)	  L10	  
(311)	  L10	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reflection	  for	  graphite	  occurs	  at	  3.5	  Å,	  corresponding	  to	  a	  ring	  diameter	  of	  about	  5.3	  nm-­‐1	  in	  
the	  reciprocal	  space	  of	   the	  SAED	  pattern,	  which	   is	  smaller	   than	  the	  diameter	  of	   the	  beam	  
stop.	  
	  
Figure	  3.56:	  TEM	  and	  SAED	  images	  of	  [(Co80Fe20)50Pt50]93Ag7	  nanoparticles	  annealed	  at	  500	  
°C.	  	  
In	  Figure	  3.56	  the	  presence	  of	  silver	  reflections,	  at	  2.09	  Å,	  which	  correspond	  to	  the	  Ag	  (200)	  
lattice,	   as	   well	   as	   a	   reflection	   at	   1.08	   Å,	   corresponding	   to	   the	   Ag	   (222)	   lattice,	   are	  
noteworthy,	   since	   neither	   were	   detected	   in	   the	   previous	   TEM	   and	   SAED	   images	   of	   this	  
sample	  (Figures	  3.53	  –	  3.55	  annealed	  at	  500	  °C),	  indicating	  that	  at	  500	  °C,	  the	  silver	  dopant	  
phase	  can	  segregate,	  and	  form	  separate	  nanoparticles	  residing	  away	  from	  the	  selected	  area	  
of	  the	  electron	  diffraction	  images,	  giving	  SAED	  patterns	  without	  Ag	  and	  SAED	  patterns	  with	  
Ag,	  similar	  to	  that	  observed	  in	  the	  FePt(Ag)	  system	  	  in	  Figure	  3.20.	  	  	  
In	  Figure	  3.57,	  spherical	  nanoparticles	  of	  [(Co80Fe20)50Pt50]93Ag7	  are	  visible,	  encapsulated	  in	  a	  
single	  portion	  of	  carbon.	  	  The	  effect	  of	  the	  carbon	  encapsulation	  has	  kept	  the	  nanoparticles	  
as	   monodisperse	   spheres,	   within	   the	   graphite	   shell,	   allowing	   them	   to	   become	  
Ag	  (222)	  L10	  (311)	  
L10	  (221)	  
Ag	  (200)	  
A1CoPt	  (200)	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polycrystalline,	  which	   is	  evident	  as	   the	  differing	  contrast	   (visible	  as	   light	  and	  dark	  regions)	  
inside	  the	  nanoparticles.	  	  Grain	  boundaries	  are	  visible	  in	  the	  nanoparticles	  that	  have	  grown	  
to	  become	  large	  enough	  to	  form	  separate	  grains,	  as	  indicated	  by	  the	  arrows.	  
	  
Figure	  3.57:	  	  TEM	  image	  of	  [(Co80Fe20)50Pt50]93Ag7	  annealed	  at	  500	  °C	  for	  one	  hour.	  (Arrows	  
indicate	  grain	  boundaries).	  
Figure	   3.57	   also	   shows	   a	   core-­‐shell	   nanoparticle	   in	   the	   lower	   part	   of	   the	   TEM	   image,	   as	  
indicated	  by	  the	  arrow.	  This	  sample	  contains	  highly	  spherical	  nanoparticles,	  believed	  to	  be	  a	  
result	   of	   the	   graphite	   encapsulation,	   as	   is	   seen	   in	   Figure	   3.58,	  where	   a	   grain	   boundary	   is	  
evident	  in	  the	  top	  right	  image.	  	  The	  arrows	  in	  the	  lower-­‐right	  panel	  of	  Figure	  3.58	  indicate	  
the	  facets	  that	  can	  result	  in	  the	  nanoparticles	  during	  such	  a	  synthesis.	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Figure	  3.58:	  	  Spherical	  morphologies	  of	  [(Co80Fe20)50Pt50]93Ag7	  nanoparticles	  can	  develop,	  at	  
such	  high	  annealing	  temperatures	  of	  500	  °C,	  in	  the	  presence	  of	  carbon.	  
	  
Such	   grain	   boundaries	   are	   more	   pronounced	   in	   Figure	   3.59,	   where	   the	   particle	   size	   is	  
comparatively	  large	  and	  suggests	  the	  sintering	  of	  two	  nanoparticles.	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Figure	  3.59:	  	  [(Co80Fe20)50Pt50]93Ag7	  nanoparticle	  annealed	  at	  500	  °C,	  where	  arrow	  indicates	  
grain	  boundary.	  
	  
The	   particle	   size	   in	   Figure	   3.59	   is	   quite	   large	   (>	   20	   nm)	   suggesting	   the	   sintering	   of	   two	  
nanoparticles,	   forming	  a	  single	   large	  particle,	  of	  multiple	  crystalline	  domains.	   	   In	  this	  case,	  
the	   crystallite	   sizes	   observed	   here	   are	   similar	   to	   that	   predicted	   by	   the	   Scherrer	   formula,	  
which	  for	  the	  [(Co80Fe20)50Pt50]93Ag7	  system	  annealed	  at	  500	  °C,	  is	  around	  8	  nm.	  	  
	  
Figure	  3.60	  demonstrates	  that	  samples	  of	  [(Co80Fe20)50Pt50]93Ag7	  annealed	  at	  400	  °C,	   in	  the	  
absence	  of	  sucrose	  to	  form	  graphite,	  develop	  faceted	  morphologies,	  differing	  from	  the	  large	  
number	   of	   spherical	   nanoparticles	   synthesised	   with	   carbon	   coatings	   in	   the	   preceding	  
section.	  	  Figure	  3.58,	  shows	  the	  clearly	  faceted	  nanoparticle,	  which	  exhibits	  a	  lattice	  plane	  at	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2.199	   Å,	   that	   can	   be	   assigned	   to	   the	   FePt	   (111)	   which	   makes	   up	   20%	   of	   the	   alloy	   (the	  
remaining	  80%	  being	  CoPt)	  in	  (Co80Fe20)50Pt50	  systems	  with	  Ag	  doping.	   	  Separate	  phases	  of	  
FePt	   and	  CoPt	  do	  not	   seem	   to	   form	   in	   the	  undoped	   (Co80Fe20)50Pt50	   system	   (refer	   to	  XRD	  
section,	   Figure	   3.34),	   however,	   incorporation	   of	   Ag	   seems	   to	   promote	   the	   formation	   of	  
these	  phases,	  as	  indicated	  in	  Figure	  3.60.	  	  
	  
	  
Figure	  3.60:	  	  [(Co80Fe20)50Pt50]93Ag7	  faceted	  nanoparticle	  annealed	  at	  400	  °C	  in	  the	  absence	  
of	  excess	  carbon	  source.	  
5  n m
5  n m
2.199	  Å,	  FePt	  (111)	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Figure	  3.61	  presents	  a	  nanoparticle	  from	  the	  [(Co80Fe20)50Pt50]93Ag7	  system,	  after	  annealing	  
at	  400	  °C.	  	  From	  the	  lattice	  imaging,	  a	  region	  of	  L10	  material	  has	  been	  identified,	  adjacent	  to	  
a	  section	  of	  Ag	  that	  has	  segregated	  along	  the	  same	  crystallographic	  plane.	  	  	  
	  
Figure	   3.61:	   	   HRTEM	   of	   a	   nanoparticle	   from	   the	   [(Co80Fe20)50Pt50]93Ag7	   system	   after	  
annealing	  at	  400	  °C.	  	  	  
	  
In	  Figure	  3.60	  above,	  two	  crystalline	  planes	  are	  evident,	  and	  by	  direct	  measurement	  of	  an	  
average	  of	  10	  lattice	  planes,	  the	  lattice	  spacings	  can	  be	  assigned	  to	  the	  (200)	  planes	  of	  CoPt	  
and	   Ag.	   	   Such	   epitaxial	   segregation	   of	   the	   two	   immiscible	   phases	   has	   been	   reported	  
elsewhere	  [26],	  and	  Xue	  et	  al.	  [7]	  reported	  on	  segregating	  Ag-­‐dopant	  from	  CoPt	  thin	  films,	  
and	  noted	  a	  tendency	  of	  Ag	  to	  form	  a	  (200)	  crystal	  lattice	  orientation	  on	  CoPt	  substrates.	  
5  n m
1.924	  Å,	  L10	  (200)	  
2.08	  Å,	  Ag	  (200)	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Close	   inspection	   of	   the	   atomic	   arrays	   in	   Figure	   3.61	   above	   reveals	   two	   different	   types	   of	  
stacking,	  as	  shown	  in	  Figure	  3.62.	  
	  
Figure	   3.62:	   (a)	   cubic	   stacking	   of	   the	   atoms	   listed	   as	   L10	   material	   in	   Figure	   3.61,	   (b)	  
hexagonal	  close	  packed	  arrays	  of	  atoms,	  which	  were	  designated	  as	  Ag	  in	  Figure	  3.61.	  	  
	  	  
An	  alternate	  interpretation	  of	  the	  lattices	  given	  in	  Figures	  3.61	  and	  3.62	  is	  observed	  below,	  
where	   it	   is	   suggested	   that	   the	   nanoparticle	   may	   consist	   of	   a	   single	   crystal	   of	   hexagonal	  
dimensions,	   which,	   when	   viewed	   along	   differing	   orientations,	   appears	   as	   in	   Figure	   3.63,	  
below.	  	  
	  
Figure	  3.63:	   	  Hexagonal	   stacking	  of	  atoms.	   (a)	   view	  along	   z-­‐axis	  and	   (b)	   view	  
along	  x-­‐axis.	  	  
5  n m5  n
(a)	  
(b)	  
(a)	   (b)	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The	  hexagonal	  stacking	  presented	  in	  Figure	  3.63	  offers	  an	  alternate	  explanation	  of	  the	  two	  
different	  regions	  visible	  in	  Figure	  3.61	  and	  3.62,	  whereby	  the	  existence	  of	  a	  single	  phase	  of	  
hexagonal	  material	  can	  explain	  the	  stacking	  arrangements,	  labelled	  as	  (a)	  and	  (b)	  in	  Figures	  
3.62	  and	  3.63.	  	   In	  such	  a	  case,	  the	  entire	  nanoparticle	  in	  Figure	  3.61	  is	  composed	  solely	  of	  
Ag,	   which	   then	   implies	   that	   annealing	   temperatures	   of	   400	   °C	   are	   sufficient	   to	   cause	   Ag	  
dopant	  atoms	  to	  segregate	  from	  the	  [(Co80Fe20)50Pt50]92Ag7	  nanoparticle	  and	  form	  separate	  
nanoparticles,	   of	   a	   pure	   A1	   phase.	   	   Indeed,	   the	   XRD	   data	   of	   the	   [(Co80Fe20)50Pt50]93Ag7	  
system	  (Figure	  3.37)	  shows	  clear	  reflections	  for	  Ag	  at	  this	  temperature,	   in	  agreement	  with	  
this	  interpretation.	  
	  
A	  detailed	  study	  of	  the	  A1	  to	  L10	  phase	  transitions	  in	  FePt	  nanoparticles	  was	  performed	  by	  
Delalande	  et	  al.	  [40],	  who	  observed	  that	  the	  compositional	  change,	  within	  the	  particle,	  from	  
the	  A1	  to	  the	  L10	  phase,	  began	  at	  the	  particle	  surface,	  and	  propagated	  to	  the	  interior	  of	  the	  
particle.	  	  
	  
The	  SAED	  images	  in	  Figures	  3.53	  –	  3.54,	  gave	  diffraction	  spots	  that	  could	  be	  indexed	  to	  L10	  
alloys,	   but	   contained	   no	   diffraction	   spots	   that	   could	   be	   indexed	   to	   A1	   Ag,	   indicating	  
segregated	  silver	  nanoparticles	  are	  able	  to	  form,	  and	  evidence	  for	  this	  is	  presented	  below	  in	  
Figure	  3.64.	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Figure	  3.64:	  	  Twinned	  silver	  nanoparticle	  observed	  in	  the	  [(Co80Fe20)50Pt50]93Ag7	  system	  after	  
annealing	  at	  400	  °C.	  	  	  
	  
Further	  support	  that	  the	  nanoparticles	  of	  Figure	  3.64	  are	  composed	  of	  Ag	  is	  provided	  by	  the	  
Scherrer	  crystallite	  sizes,	  shown	  in	  Figure	  3.41,	  where	  the	  calculated	  crystallite	  size	  for	  the	  
[(Co80Fe20)50Pt50]93Ag7	  system,	  after	  annealing	  at	  400	  °C	  for	  one	  hour,	  is	  around	  6	  nm,	  which	  
is	  far	  smaller	  than	  the	  twinned	  crystal	  shown	  in	  Figure	  3.64.	  	  Furthermore,	  the	  XRD	  data	  for	  
this	   sample,	   shown	   in	   Figure	   3.37,	   exhibits	   narrow	   reflections	   (indicative	   of	   larger	  
crystallites)	  for	  Ag	  after	  annealing	  at	  300	  °C,	  100	  °C	  lower	  than	  the	  annealing	  temperature	  of	  
the	   particles	   in	   Figure	   3.64.	   	   It	   is	   thus	   concluded	   that	   Figure	   3.64	   contains	   a	   segregated,	  
twinned	  Ag	  nanoparticle.	  	  
5  n m
2.33	  Å,	  Ag	  (111)	   2.03	  Å,	  Ag	  (200)	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A	  different	  image	  of	  the	  same	  Ag	  crystallite	  from	  Figure	  3.64	  is	  shown	  below,	  in	  Figure	  3.65,	  
which	  emphasises	  the	  region	  of	  twinning	  between	  the	  two	  particles.	  	  
	  
	  
Figure	   3.65:	   	   Silver	   nanoparticles	   from	   the	   [(Co80Fe20)50Pt50]93Ag7	   alloy	   system,	   with	   the	  
twinning	   of	   the	   two	   particles	   clearly	   visible	   where	   indicated	   as	   a	   continuous	   phase	   after	  
annealing	  at	  400	  °C.	  	  	  
	  
When	   the	  Ag	   content	   is	   increased,	   as	   in	   the	   [(Co80Fe20)50Pt50]85Ag15	   system	  a	   super	   lattice	  
region	  was	  observed,	  after	  annealing	  at	  400	  °C	  for	  one	  hour,	  as	  shown,	  in	  Figure	  3.66.	  	  In	  the	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image,	  clear	  ordering	  of	  alternating	   layers	  of	  brighter	  Pt	  atoms	  [40]	  with	  Co	  and	  Fe	   layers	  
separated	  by	  2.85	  Å	  are	  visible,	  which	  can	  be	  indexed	  to	  a	  strained	  super-­‐lattice	  (110)	  plane	  
of	  alternating	  Pt,	  Co	  and	  Fe	  layers	  (2.73	  Å	  FePt,	  2.69	  Å	  CoPt).	  	  	  
	  
	  
Figure	  3.66:	  	  	  [(Co80Fe20)50Pt50)85Ag15	  nanoalloy	  system	  annealed	  at	  400	  °C.	  
	  
The	   super-­‐lattice	   ordering	   in	   Figure	   3.64,	   above,	   (indicated	   by	   the	   arrowed	   regions	   of	  
alternating	   layers	  of	  brighter	  Pt	  atoms,	  with	  darker	  Co	  and	  Fe	  atoms)	   indicates	   tetragonal	  
ordering	   of	   the	   	   	   [(Co80Fe20)50Pt50)85Ag15	   nanoalloy	   system,	   after	   annealing	   at	   400	   °C.	  	  
However,	   tetragonal	   ordering	   necessitates	   consequent	   coercivity	   observations	   in	   SQUID	  
data	   (given	   in	   Figure	   3.71	   on	   page	   175),	   which	   are	   not	   seen.	   	   Furthermore,	   reflections	  
5  n m
d	  =	  2.8	  Å,	  (110)	  
Pt	  
Fe	  or	  Co	  
d	  =	  2.19	  Å	  L10	  (111)	  
d	  =	  2.26	  Å,	  A1	  (111)	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corresponding	   to	   L10	   ordering	   would	   be	   expected	   to	   be	   present	   in	   the	   XRD	   patterns	   of	  
Figure	  3.38,	  which	  are	  also	  absent.	  	  The	  reason	  being	  that	  400	  °C	  is	  the	  transition	  annealing	  
temperature,	  before	  which	  significant	  structural	  changes	  occur	  within	  the	  unit	  cell,	  which	  is	  
observed	   as	   an	   increase	   in	   saturation	  magnetisation	   (𝑀!)	   between	   400	   °C	   and	   500	   °C	   in	  
Figure	  3.71.	   	  The	  super-­‐lattice	   in	  Figure	  3.64	  therefore	  represents	  a	  minority	  region	  of	  the	  
sample.	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3.3.3	   	  Magnetic	  Data	  for	  CoFePt(Ag)	  Nanoalloys	  
	  
The	  magnetic	  data	  for	  the	  CoFePt(Ag)	  systems	  described	  in	  Sections	  3.	  1	  and	  3.2	  is	  described	  
below.	  Here,	  similar	  to	  the	  un-­‐doped	  FePt	  system	  (3.23),	  the	  (Co80Fe20)50Pt50	  alloy	  exhibits	  a	  
large	   increase	   in	   saturation	   magnetisation	   and	   magnetic	   susceptibility	   after	   annealing	  
between	  200	   °C	  and	  300	   °C,	   indicating	  a	  period	  of	   localised	  structural	  ordering	   (to	   the	  A1	  
phase)	  within	  the	  interior	  of	  the	  nanoparticles	  at	  this	  stage	  of	  the	  annealing	  process,	  which	  
is	  shown	  below	  in	  Figure	  3.67.	  
	  
Figure	  3.67:	  	  	  (Co80Fe20)50Pt50	  nanoalloy	  SQUID	  data.	  	  	  
	  
Figure	   3.68	   shows	   the	   SQUID	   magnetisation	   for	   (Co80Fe20)50Pt50	   nanoalloys	   annealed	   at	  
higher	  temperatures,	  where	  increased	  structural	  ordering	  of	  the	  nanoalloys	  is	  evidenced	  by	  
the	   further	   increase	   of	   the	   magnetic	   saturation	   and	   susceptibility.	   	   Furthermore,	   after	  
annealing	   at	   500	   °C,	   it	   is	   observed	   that	   the	  nanoparticles	   develop	   regions	  of	   L10	   alloy,	   as	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evidenced	  by	  the	  onset	  of	  magnetic	  coercivity	  after	  annealing	  at	  500	  °C,	  which	  is	  seen	  below	  
in	  Figure	  3.68.	  	  	  	  
	  
Figure	  3.68:	  	  	  	  SQUID	  data	  for	  the	  (Co80Fe20)50Pt50	  nanoalloy.	  	  
	  
In	  Figure	  3.68	  above,	  the	  effect	  of	  the	  phase	  transition	  from	  A1	  to	  L10	   is	  evident	  between	  
the	  samples	  annealed	  at	  400	  °C	  and	  500	  °C	  where	  coercivity	  is	  now	  observed.	  	  From	  500	  °C	  
to	   550	   °C	   the	  only	  difference	   visible	   in	   the	   SQUID	  data	   is	   an	   increase	   in	   coercivity,	  which	  
indicates	   growth	   of	   a	   region	   of	   structurally	   ordered	   alloy	   within	   the	   nanoparticles.	   	   The	  
observed	   coercivity	   is	   much	   larger	   than	   that	   observed	   by	   Pogoryelov	   et	   al.	   [43]	   who	  
annealed	   RF	   sputtered	   (CoFe)50Pt50	   nanoparticles	   for	   one	   hour	   at	   600	   °C	   and	   achieved	   a	  
coercivity	  of	  110	  Oe,	  and	  Kovacs	  et	  al.	  [35]	  reported	  similarly	  low	  coercivites	  of	  130	  Oe	  for	  
8.3	  nm	  diameter	  particles	  after	  annealing	  at	  600	  °C	  for	  one	  hour;	  almost	  identical	  in	  size	  to	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the	  Scherrer	  calculated	  crystallite	  sizes	  for	  the	  nanoparticles	  in	  this	  study	  which	  were	  8.2	  nm	  
after	  annealing	  at	  600	  °C.	  
The	   SQUID	  magnetisation	  data	   for	   the	  Ag-­‐doped	   [(Co80Fe20)50Pt5093Ag7	   system	   is	   shown	   in	  
Figure	   3.69.	   	   Here,	   as	   in	   the	   preceding,	   un-­‐doped	   alloy,	   there	   is	   a	   clear	   shift	   from	  
paramagnetism	  towards	  superparamagnetism	  after	  annealing	  at	  300	  °C.	  	  	  
	  
	  
Figure	  3.69:	  	  SQUID	  data	  for	  [(Co80Fe20)50Pt50]93Ag7	  nanoalloys	  annealed	  up	  to	  300	  °C.	  	  	  
	   	  
Comparison	  of	   the	  SQUID	  data	   in	   Figure	  3.67,	  with	   that	  of	   the	  7atom%	  Ag	  alloy	   in	   Figure	  
3.69	   demonstrates	   the	   transition	   from	   paramagnetism	   to	   superparamagnetism	   (after	  
annealing	  at	  the	  same	  temperature,	  300	  °C	  for	  one	  hour)	  to	  be	  more	  extensive	  than	  in	  the	  
un-­‐doped	  system.	  	  Here,	  the	  increased	  mobility	  of	  the	  Ag	  dopant	  atoms	  enhances	  the	  rate	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of	   structural	   ordering	   of	   the	   Co,	   Fe	   and	   Pt	   atoms	   into	   the	   A1	   configuration	   inside	   the	  
nanoparticles,	   which	   results	   in	   the	   observed	   superparamagnetism,	   with	   much	   higher	  
susceptibility	  and	  saturation	  than	  in	  the	  un-­‐doped	  (Co80Fe20)50Pt50	  system.	  	  	  	  	  	  	  	  	  	  	  
At	  higher	   annealing	   temperatures	   (Figure	  3.70),	   the	  effect	  of	   silver	   incorporation	   into	   the	  
(Co80Fe20)50Pt50	  system	  is	  seen	  to	  slightly	  reduce	  the	  coercivity	  (relative	  to	  that	  obtained	  in	  
the	  un-­‐doped	  (Co80Fe20)50Pt50	  alloy),	  which	  is	  believed	  to	  occur	  as	  a	  result	  of	  Ag-­‐stabilisation	  
of	   the	   A1	   (Co80Fe20)50Pt50	   phase.	   The	   SQUID	   data	   for	   [(Co80Fe20)50Pt50]93Ag7	   nanoalloys	  
annealed	  at	  400	  –	  600	  °C	  is	  shown	  below	  in	  Figure	  3.70.	  
	  
Figure	  3.70:	  	  	  SQUID	  magnetisation	  data	  for	  [(Co80Fe20)50Pt50]93Ag7	  alloys	  annealed	  at	  400	  –	  
600	  °C.	  
	  
The	  magnetisation	   data	   for	   the	   ternary	   [(Co80Fe20)50Pt50]93Ag7	   system	   (Figure	   3.70)	   shows	  
little	  difference	  between	  samples	  after	  at	  annealing	  temperatures	  above	  400	  °C,	  which	  is	  a	  
result	  of	  stabilisation	  of	  the	  A1	  phase	  by	  Ag.	  	  The	  coercivity	  is	  believed	  to	  arise	  from	  small	  
regions	  of	  L10	  alloy,	  while	   the	  remainder	  exists	   in	   the	  A1	  phase.	   	  The	  same	  SQUID	  data	   in	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Figure	   3.70	   is	   shown	   below	   in	   Figure	   3.71,	   with	   the	   H	   axis	   expanded	   to	   highlight	   the	  
diminished	  coercivity	  of	  the	  sample.	  	  
	  
Figure	   3.71:	   	   SQUID	   data	   for	   [(Co80Fe20)50Pt50]93Ag7	   plotted	   with	   an	   expanded	   H-­‐axis	   for	  
clarity.	  	  
	  
In	   Figure	   3.71	   it	   is	   clearly	   seen	   that	   after	   annealing	   at	   400	   °C	   the	   nanoparticles	   are	  
superparamagnetic,	   indicating	   that	   after	   annealing	   at	   this	   temperature,	   the	   dominant	  
crystal	  phase	  is	  the	  cubic	  A1	  phase.	  	  When	  the	  samples	  are	  further	  annealed	  at	  500	  °C	  and	  
550	  °C	  ferromagnetic	  behaviour	  is	  observed,	  while	  the	  saturation	  magnetisation	  remains	  the	  
same,	  which	  is	  the	  same	  behaviour	  observed	  in	  the	  un-­‐doped	  system	  (Figure	  3.68).	  	  	  
Figure	  3.72	  presents	  the	  SQUID	  magnetisation	  data	  for	  the	  [(Co80Fe20)50Pt50]85Ag15	  nanoalloy	  
system.	   	   Analogous	   to	   the	   preceding	   system,	   containing	   7atom%	  Ag,	   this	   ternary	   system,	  
after	  annealing	  at	  300	  °C,	  contains	  sufficient	  structural	  ordering	  to	  cause	  the	  sudden	  shift	  to	  
superparamagnetic	  behaviour,	  indicating	  that	  the	  dominant	  crystal	  phase	  after	  annealing	  at	  
this	   temperature	   is	   the	   cubic	  A1	  phase.	   	  Both	  of	   the	  Ag-­‐doped	   (Co80Fe20)50Pt50	  nanoalloys	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(7%	   and	   15%)	   display	   significantly	   enhanced	   structural	   ordering,	   as	   shown	   by	   their	   clear	  
superparamagnetic	  behaviour,	  when	  compared	  to	  the	  un-­‐doped	  (Co80Fe20)50Pt50	  nanoalloys	  
at	  this	  temperature.	   	  This	   is	  also	  similar	  to	  the	  behaviour	  observed	  for	  the	  binary	  FePt(Ag)	  
nanoalloys.	  	  	  	  	  
	  
Figure	  3.72:	  SQUID	  data	  for	  [(Co80Fe20)50Pt50]85Ag15	  annealed	  at	  100	  -­‐	  300	  °C.	  
	  
After	   annealing	   at	   higher	   temperatures,	   the	   same	   Ag-­‐restricted	   magnetic	   coercivity	   is	  
observed,	  and	  is	  more	  pronounced	  as	  a	  result	  of	  the	  larger	  atomic%	  of	  Ag	  incorporated	  into	  
the	   system,	   where	   transformation	   of	   the	   A1	   phase	   to	   the	   L10	   phase	   has	   been	   severely	  
restricted,	   as	   can	   be	   clearly	   seen	   in	   Figure	   3.73,	   below,	   for	   the	   [(Co80Fe20)50Pt50]85Ag15	  
nanoalloy	  system.	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Figure	   3.73:	   	   SQUID	   magnetisation	   data	   for	   the	   nanoalloys	   of	   composition	  
[(Co80Fe20)50Pt50]85Ag15	  annealed	  at	  400	  –	  600	  °C.	  
The	   marked	   reduction	   in	   magnetic	   coercivity,	   with	   increasing	   Ag	   content	   within	   the	  
(Co80Fe20)50Pt50	  matrix	  is	  consistent	  with	  the	  XRD	  of	  these	  silver-­‐doped	  systems	  (Figures	  3.37	  
and	  3.37),	  where	  even	  after	  annealing	  at	  temperatures	  as	  high	  as	  550	  °C,	  the	  predominant	  
phase	  in	  the	  XRD	  is	  seen	  to	  be	  the	  A1	  phase.	  	  This	  is	  the	  opposite	  to	  what	  was	  observed	  with	  
alternating	  thin	  film	  layers	  of	  Ag	  and	  CoPt,	  where	  L10	  structures,	  displaying	  hard	  magnetism,	  
were	  found	  to	  form	  more	  readily	  by	  increasing	  the	  Ag	  content	  in	  the	  film	  stoichiometry	  from	  
17	  –	  27	  %	  by	  Xue	  et	  al.	  [7].	  	  However,	  the	  scenario	  reported	  by	  Xue	  et	  al.	  [7]	  differs	  in	  that	  
the	  Ag	  in	  their	  study,	  being	  sandwiched	  between	  layers	  of	  CoPt	  behaves	  differently	  to	  the	  
homogeneously	   distributed	   Ag	   reported	   in	   this	   thesis.	   	   Indeed,	   Sun	   et	   al.	   [44]	   chemically	  
synthesised	   nanoparticles	   of	   CoPt	   with	   Ag	   dopant,	   which	   were	   similar	   to	   the	  
[(Co80Fe20)50Pt50](Ag)	  nanoparticles	  prepared	  in	  this	  study,	  and	  found	  Ag	  to	  have	  no	  effect	  in	  
lowering	  the	  phase	  transition	  temperature	  of	  CoPt	  from	  A1	  to	  L10.	  	  	  
Figure	  3.74,	  below,	  shows	  the	  same	  SQUID	  data	  from	  Figure	  3.73,	  with	  the	  H-­‐axis	  expanded	  
to	  show	  the	  coercivities	  more	  clearly.	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Figure	   3.74:	   	   	   Expanded	   region	   of	   Figure	   3.73	   to	   emphasise	   the	   coercivity	   values	   for	   the	  
[(Co80Fe20)50Pt50]85Ag15	  nanoalloys.	  	  (Inset	  illustrates	  sample	  annealed	  at	  500	  °C).	  
	  
As	  seen	  from	  the	  inset	  in	  Figure	  3.74,	  there	  is	  a	  slight	  asymmetry	  in	  the	  curve	  at	  500	  °C	  (the	  
positive	   coercivity	   is	   almost	   zero,	  while	   the	   negative	   coercivity	   is	   about	   700	  Oe),	   but	   not	  
with	   samples	   from	   other	   annealing	   temperatures.	   	   Couet	   explained	   this	   phenomenon	   as	  
“exchange	   bias,	   where	   a	   shift	   of	   the	  magnetic	   hysteresis	   loop	   appears	   due	   to	   interfacial	  
magnetic	   coupling	   in	   ferromagnet/antiferromagnet	   bilayers”	   [29].	   i.e,	   at	   500	   °C	   there	   are	  
multiple	  phases,	  and	  they	  give	  rise	  to	  an	  exchange	  spring	  bias.	  	  The	  exchange	  bias	  is	  evident	  
in	  the	  7	  at	  %	  Ag	  sample	  as	  well,	  but	  the	  shift	  is	  in	  the	  opposite	  direction.	  	  The	  bias	  appears	  
to	  be	  more	  pronounced	  in	  the	  FePt(Ag)	  samples,	  which	  can	  be	  anticipated	  on	  the	  basis	  that	  
Ag	  seems	  to	  stabilise	  the	  A1	  FePt	  phase	  at	  high	  annealing	  temperatures,	  whereas	  in	  the	  case	  
of	  CoFePt	  the	  opposite	  effect	  occurs,	  and	  the	  presence	  of	  Ag	  enhances	  the	  L10	  ternary	  alloy	  
phase	   formation.	   There	   is	   no	   visible	   shifting	   of	   the	   hysteresis	   loops	   in	   the	   pure	   CoFePt	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sample,	  further	  indicating	  that	  silver	  is	  required	  to	  stabilise	  the	  A1	  FePt	  phase	  which	  results	  
in	  the	  shift	  of	  the	  loop	  about	  the	  applied	  field,	  H,	  axis	  (horizontal	  axis).	  	  	  
Figure	  3.75	  illustrates	  the	  trend	  in	  coercive	  strengths	  for	  the	  FePt(Ag)	  and	  CoFePt(Ag)	  alloys	  
with	  temperature.	  
	  
	  
Figure	  3.75:	  	  Coercive	  strengths	  of	  CoFePt(Ag)	  nanoalloys	  annealed	  at	  different	  
temperatures	  for	  one	  hour.	  (Solid	  lines	  are	  a	  guide	  for	  the	  eye).	  
	  
Each	  of	  the	  three	  CoFePt(Ag)	  alloy	  systems	  exhibited	  a	  rapid	  change	  from	  paramagnetic	  to	  
superparamagnetic	  behaviour	  between	  annealing	  temperatures	  of	  300	  °C	  and	  400	  °C,	  which	  
can	  be	  seen	  in	  the	  magnetic	  saturation	  curves	  presented	  in	  Figure	  3.76.	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Figure	  3.76:	  	  Saturation	  magnetisation	  plots	  for	  FePt(Ag)	  and	  CoFePt(Ag)	  alloys.	  (Solid	  lines	  
are	  a	  guide	  for	  the	  eye).	  
	  
Referring	   to	   Figure	   3.76	   (above)	   both	   alloy	   families	   (Fe50Pt50	   and	   (Co80Fe20)50Pt50)	   show	  
similar	   trends	   in	   the	   increase	   of	   saturation	   magnetisation	   with	   increasing	   annealing	  
temperature,	  and,	  after	  annealing	  at	  temperatures	  up	  to	  and	  including	  400	  °C,	  the	  mobility	  
of	  Ag	  inside	  the	  FePt	  and	  (Co80Fe20)50Pt50	  is	  seen	  to	  increase	  the	  value	  of	  𝑀!,	  compared	  to	  
the	  un-­‐doped	  alloys,	  as	  a	  result	  of	  structural	  ordering	  through	  Ag	  migration.	  	  The	  solubility	  
of	  both	  Ag	  and	  Au	  within	  thin	  films	  of	  FePt	  was	  studied	  by	  Wang	  et	  al.	  [8]	  and	  found	  to	  be	  
0	  
5	  
10	  
15	  
20	  
25	  
30	  
35	  
40	  
45	  
50	  
0	   100	   200	   300	   400	   500	   600	   700	  
M
	  (e
m
u/
g)
	  
Annealing	  Temperature	  (oC)	  
FePt	  
FePtAg7	  
FePtAg15	  
Poly.	  (FePt)	  
0	  
5	  
10	  
15	  
20	  
25	  
30	  
35	  
0	   100	   200	   300	   400	   500	   600	   700	  
M
	  (e
m
u/
g)
	  
Annealing	  Temperature	  (oC)	  
CoFePt	  
CoFePtAg7	  
CoFePtAg15	  
Poly.	  (CoFePt)	  
[FePt]85Ag15	  	  
[FePt]93Ag7	  	  
[(Co80Fe20)50Pt50]85Ag15	  	  
[(Co80Fe20)50Pt50]93Ag7	  	  
(Co80Fe20)50Pt50	  	  
	  
	  
179	  
similar	  to	  one	  another	  (ca.	  6.9	  atom%	  for	  Ag	  and	  7.2	  atom%	  for	  Au),	  and	  both	  were	  found	  to	  
increase	   the	   kinetic	   ordering	   temperature	   to	   the	   A1	   state,	   but	   subsequently	   lower	   the	  
ordering	  temperature	  for	  further	  phase	  transformation	  to	  the	  L10	  state.	  	  The	  mobility	  of	  Au	  
(behaving	  similarly	   to	  Ag	   inside	  FePt	   lattices)	  within	  nanoparticles	  of	  FeCo	  was	  studied	  by	  
Kline	  et	  al.	   [45],	  where	  simultaneous	  RF	  sputtering	  of	  the	  constituent	  elements	  resulted	  in	  
core@shell	   structures	   of	   FeCo@Au,	   arising	   from	   surface	   strain	   and	   solubility	   effects	  
between	  Au	  and	  FeCo.	  	  The	  Ag-­‐doped	  (Co80Fe20)50Pt50	  alloys	  reach	  a	  maximum	  saturation	  at	  
around	  500	   °C	  –	  550	   °C,	  while	   for	   the	  Ag-­‐doped	  FePt	  nanoparticles,	  𝑀!	   continued	   to	   rise	  
throughout	   the	   entire	   annealing	   process,	   indicating	   that	   Ag	   may	   be	   less	   soluble	   in	  
(Co80Fe20)50Pt50	  than	  in	  FePt.	  
	  
Figure	  3.77:	  	  Magnetic	  remanence	  for	  the	  (Co80Fe20)50Pt50(Ag)	  nanoalloy	  system.	  (Solid	  lines	  
are	  a	  guide	  for	  the	  eye).	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Figure	   3.77	   illustrates	   the	   trends	   of	   increase	   in	   magnetic	   remanence	   for	   the	   CoFePt(Ag)	  
family	  of	  alloys	  studied	   in	  this	  thesis.	   	  The	  un-­‐doped	  CoFePt	  exhibits	  an	  almost	  monotonic	  
increase	  in	  remanence	  with	  temperature	  up	  to	  600	  °C,	  whereas	  the	  doped	  samples	  show	  a	  
more	  rapid	  increase	  in	  the	  growth	  of	  remanence	  with	  increasing	  silver	  content,	  followed	  by	  
as	  the	  plateau	  as	  temperature	  increases	  to	  600	  °C,	  suggesting	  a	  limiting	  value	  is	  reached	  at	  
the	  higher	  temperatures,	  which	  is	  in	  contrast	  to	  the	  FePt(Ag)	  system,	  where	  both	  doped	  and	  
un-­‐doped	   alloys	   gave	  monotonic	   increases	   in	  𝑀! 	   with	   increasing	   annealing	   temperature,	  
and	  did	  not	  reach	  saturation	  during	  the	  annealing	  process,	  furthering	  the	  suggestion	  of	  an	  
increased	  mobility	  of	  Ag	  within	  the	  (Co80Fe20)Pt50	  lattice	  compared	  to	  the	  FePt	  lattice.	  	  	  
	  
3.4	   	  Discussion	  of	  FePt(Ag)	  and	  CoFePt(Ag)	  Nanoalloy	  systems	  
	  
Comparison	  of	   the	  XRD	  data	   for	   the	  binary	  and	   ternary	  alloys	   (Figures	  3.1,	  3.2	  and	  3.4	  as	  
well	   as	   3.34,	   3.37	   and	  3.38)	   allows	   insight	   in	   the	   role	  of	   the	   silver	   dopant	   into	   these	   two	  
alloy	   systems.	   	   As	   has	   been	  noted	  by	   Chen	   et	   al.	   [39],	   addition	   of	   cobalt	   in	   FePt	   systems	  
hinders	   the	   transformation	   to	   the	   tetragonal	  phase.	   	   This	  hindrance	  effect	   can	  be	   seen	   in	  
Figure	  3.34	  (un-­‐doped	  (Co80Fe20)50Pt50	  alloy)	  as	  a	  reluctance	  of	  the	  alloy	  to	  convert	  from	  the	  
A1	   to	   the	   L10	   phase	   (the	   final	   c/a	   value	   after	   annealing	   at	   600	   °C	   for	   one	   hour	   being	  
relatively	   cubic;	   0.982).	   	   Chen	   et	   al.	   also	   noted	   that	   cobalt	   addition	   into	   FePt	   systems	  
reduced	   their	  magnetic	   coercivity,	   which	   is	   visible	   in	   this	   thesis	   by	   comparing	   the	   SQUID	  
data	  for	  the	  un-­‐doped	  binary	  and	  ternary	  alloys	  (Figures	  	  3.30	  and	  3.75)	  while	  the	  saturation	  
magnetisation	   for	   such	   samples	   is	   increased	   (Figure	   3.76)	   which	   is	   favourable	   for	  
hyperthermia	  applications,	  where	  increased	  coercivty	  not	  only	  requires	  larger	  excitatory	  RF	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magnetic	  fields,	  which	  in	  turn	  lowers	  the	  clinically-­‐allowed	  frequency	  for	  hyperthermia	  (see	  
Brezovitch	  and	  Atkins	  [46]),	  but	  also	  promotes	  aggregation	  of	  the	  particles	   in	   liquid	  media	  
due	  to	  their	  remanent	  magnetisation.	  	  	  
However,	   with	   the	   addition	   of	   silver	   into	   the	   ternary	   alloy	   system,	   the	   effect	   of	   cobalt-­‐
inhibition	  effects	  are	  less	  evident,	  and	  thus	  the	  conversion	  to	  the	  tetragonal	  phase	  is	  more	  
obvious	   (c/a	   of	   0.975	   in	   the	   case	   of	   [(Co80Fe20)50Pt50)93Ag7],	   and	   slightly	   higher	   for	  
[(Co80Fe20)50Pt50)85Ag15],	   0.978,	   which	   is	   very	   close	   to	   the	   bulk	   value	   of	   L10	   CoPt	  which	   is	  
0.973).	   	  Even	  when	  the	  undoped	  ternary	  nanoparticles	  were	  annealed	  at	   temperatures	  as	  
high	   as	   900	   °C,	   a	   cubic	   structure	   was	   still	   observed	   in	   the	   XRD	   with	   no	   indication	   of	  
tetragonal	   transformation,	   indicating	   the	   formation	   of	   a	   Co-­‐Fe-­‐Pt	   solid	   solution	   since	   the	  
reflections	  for	  these	  alloys	  were	  shifted	  away	  from	  the	  bulk	  values	  of	  both	  CoPt	  and	  FePt.	  
However,	   when	   the	   ternary	   alloys	   were	   doped	  with	   silver,	   enhanced	   tetragonal	   ordering	  
was	  clearly	  observed	  (Figures	  3.37	  and	  3.38)	  which	  is	  in	  agreement	  with	  Xue	  et.	  al.	  [7],	  who	  
found	   that	   Ag-­‐doped	   CoPt	   thin	   films	   preferentially	   formed	   (001)	   tetragonal	   textures	   over	  
undoped	  CoPt	  thin	  films.	  	  
For	  both	  FePt(Ag)	  and	  CoFePt(Ag),	  the	  role	  of	  silver	  as	  a	  facilitator	  for	  L10	  phase	  formation	  is	  
evident;	   both	   the	   binary	   and	   ternary	   alloys	   showed	   improved	   (i.e.	   lower)	   c/a	   ratios	   and	  
clearer	   XRD	   patterns	   with	   increased	   silver	   addition.	   	   The	   ternary	   alloys	   studied	   here,	  
however,	  still	  remained	  somewhat	  cubic,	  as	  evidenced	  by	  the	  peak-­‐broadening	  as	  opposed	  
to	   peak-­‐splitting	   about	   the	   (200)	   and	   (311)	   reflections,	   even	   after	   15	   atom%	   Ag	  
incorporation,	   and	   annealing	   at	   600	   °C	   for	   one	   hour	   (while	   the	   binary	   alloy	   counterpart	  
showed	   excellent	   tetragonalisation	   (peak	   splitting)	   and	   the	   highest	   magnetic	   coercivity	  
observed	   for	  nanoalloys	  of	   [FePt]100-­‐xAgx	  and	   [(Co80Fe20)50Pt50]100-­‐xAgx	   	   (x	  =	  0,	  7,	  15)	   in	   this	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thesis.	   	   This	   reluctance	   of	   the	   cobalt-­‐containing	   ternary	   alloys	   to	   convert	   fully	   to	   the	   L10	  
phase	   could	   signify	   the	   requirement	   for	   higher	   Ag	   concentrations,	   as	   Sehdev	   et	   al.	   [47]	  
prepared	   CoPt-­‐Ag	   nanoparticles	   and	   found	   that	   20	   atom%	   (as	   opposed	   to	   the	   15	   atom%	  
maximum	  used	  here)	  produced	  only	  weak	  tetragonal	  reflection	  splitting	  in	  the	  XRD,	  with	  40-­‐	  
and	  70	  atom%	  Ag	  yielding	  the	  greatest	  chemical	  ordering	  to	  the	  L10	  CoPt	  phase.	  	  They	  also	  
noted	   that	   they	   needed	   to	   anneal	   their	   nanoparticles	   at	   700°C,	   100°C	   higher	   than	   in	   this	  
study,	   to	  obtain	  their	  well-­‐ordered	  L10	  phase	  of	  CoPt.	   	   In	  addition,	  Sehdev	  noted	  that,	   the	  
higher	   the	   concentration	   of	   the	   Ag	   dopant,	   the	   weaker	   the	   as-­‐synthesised	   fcc	   CoPt	  
reflections	  were,	  which	  is	  in	  agreement	  with	  what	  has	  been	  seen	  in	  the	  binary	  and	  ternary	  
alloys	  studied	  here;	  Ag	  initially	  hinders	  atomic	  ordering	  before	  promoting	  it.	  
The	   evidence	   presented	   here	   clearly	   shows	   that	   the	   as-­‐synthesised	   nanoparticles	   are	  
homogeneous,	  with	  Ag	  evenly	  distributed	  throughout	  the	  nanoparticles;	  Ag	  is	  not	  visible	  in	  
the	  electron	  diffraction	  of	  as	  synthesised	  FePt(Ag),	  while	  the	  FePt	  (111)	  plane	  is	  visible	  (see	  
Figure	  3.15)	  which	  indicates	  that	  no	  segregation	  of	  the	  silver	  into	  a	  separate	  phase	  has	  yet	  
occurred.	   	   Sehdev	   et	   al.	   [47],	   and	   many	   others,	   have	   noted	   an	   expansion	   in	   their	   as-­‐
synthesised	   nanoparticle	   lattices	   as	   a	   result	   of	   silver	   accommodation	   in	   the	   FePt	   lattice,	  
which	  shifted	  the	  position	  of	  the	  (111)	  reflection	  to	  lower	  2θ	  values.	  	  The	  same	  observation	  
is	   difficult	   to	   make	   from	   the	   FePt(Ag)	   samples	   in	   this	   thesis,	   since	   the	   first	   clear	   XRD	  
reflections	  occur	  after	  annealing	  at	  200	  °C	  for	  un-­‐doped	  FePt	  and	  300	  °C	  for	  Ag-­‐doped	  FePt,	  
by	  which	  time	  the	  silver	  dopant	  has	  already	  begun	  extruding	  from	  the	  FePt	  matrix.	  	  In	  fact,	  
the	   opposite	   trend	   in	   the	   (111)	   reflections	   has	   been	   observed	   here:	   the	   higher	   the	   Ag	  
concentration,	  the	  higher	  the	  (111)	  2θ	  value.	  	  This,	  however,	  is	  attributed	  to	  the	  increased	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ordering	   as	   a	   result	   of	   the	   silver	   dopant	  migrating	   out	   of	   the	   FePt	   grain,	   which	   leads	   to	  
contracted	  unit	  cells.	  	  
In	   reference	   to	   Figure	   3.30,	   which	   highlights	   the	   increasing	   coercivity	   with	   increasing	  
annealing	  temperature,	  it	  might	  initially	  appear	  that	  the	  increased	  coercivity	  may	  be	  due	  to	  
silver-­‐mediated	   grain	   growth	   (14.3	   nm	   for	   FePt,	   and	   18	   nm	   for	   [FePt]85Ag15).	   	   Certainly,	  
larger	  grain	  size	  would	  improve	  the	  coercive	  strength	  of	  the	  grains,	  but	  comparison	  of	  the	  
crystallite	  sizes	  for	  the	  un-­‐doped	  FePt	  and	  the	  [FePt]93Ag7	  nanoparticles	  annealed	  at	  600	  °C	  
in	  Figure	  3.30,	  shows	  them	  to	  be	  equivalent,	  yet	  the	  Ag-­‐doped	  [FePt]93Ag7	  alloy	  has	  nearly	  a	  
300	  %	  larger	  coercivity.	  	  Thus,	  it	  can	  be	  stated	  that	  increased	  grain	  size	  is	  not	  the	  sole	  reason	  
for	   the	   enhanced	   coercivity	   (although	   the	   [FePt]85Ag15	   crystallites	   are	   larger	   and	   display	  
stronger	   coercivity).	   	   In	   the	   case	   of	   the	   ternary	   alloys,	   however,	   the	   grain	   size	   after	  
annealing	  at	  600	  °C	  seems	  to	  be	  uneffected	  by	  silver	  content,	  with	  more	  or	  less	  equivalent	  
final	  Scherrer	  crystallite	  size	  (8-­‐10	  nm),	  but	  they	  display	  decreasing	  coercivities	  as	  a	  result	  of	  
silver	  doping	  (see	  Figure	  3.75).	  	  	  
The	  solid	  solution	  remanence	  plot	  (Figure	  3.77)	  shows	  enhanced	  remanence	  with	  7	  atom%	  
Ag	  doping	  over	  the	  15	  atom%	  Ag	  doping	  	  and	  un-­‐doped	  alloy	  systems	  up	  to	  almost	  600	  °C,	  
which	   indicates	   that	   the	  optimum	  Ag-­‐dopant	  concentration	   for	   the	  CoFePt	  alloy	  system	   is	  
somewhere	   below	   15	   atom%.	   	   This	   apparent-­‐optimum	   is	   similar	   to	   what	   Sehdev	   et	   al.	  
observed	   with	   CoPt-­‐Ag	   nanoparticles,	   noting	   that	   50	   at%	   Ag	   dopant	   yielded	   superior	  
ordering	   to	   70	   at%	   (despite	   70	   at%	   having	   superior	   coercivity),	   which	   they	   attributed	   to	  
excessive	  strain	  forced	  onto	  the	  CoPt	  lattice	  from	  the	  Ag	  [47].	  	  	  	  
For	  perfectly	  ordered	   L10	   structures,	   the	   intensity	   ratio	  of	   the	   tetragonally	   split	   (200)	   and	  
(002)	   reflections,	   I200/I002,	   is	  equal	   to	  0.5.	   In	   this	   thesis,	   I200/I002	  has	  been	   less	   than	  0.5	   for	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each	  of	  the	  three	  binary	  FePt	  nano	  alloys,	  and	  each	  of	  the	  cobalt-­‐containing	  ternary	  alloys,	  
which	   indicates	   that	   at	   annealing	   temperatures	   of	   600	   °C	   for	   one	   hour,	   complete	  
transformation	  to	  the	  tetragonal	  phase	  has	  not	  yet	  occurred.	  
In	  relation	  to	  the	  evolving	  magnetic	  properties	  observed	  in	  each	  of	  the	  SQUID	  magnetisation	  
plots,	   after	   annealing	   up	   to	   300	   °C,	   (i.e.	   Figures	   3.24,	   3.26	   and	   3.28	   for	   the	   FePt(Ag)	  
nanoalloys,	  and	  Figures	  3.67,	  3.69	  and	  3.72	  for	  the	  [(Co80Fe20)50Pt50(Ag)	  nanoalloys)	  it	  can	  be	  
stated	   that	   firstly,	   the	   paramagnetism	   observed	   in	   the	   samples	   annealed	   at	   low	  
temperatures	   (i.e.	  up	  to	  200	  °C)	   is	  a	   result	  primarily	  due	  to	   the	  magnetic	  moments	  of	   the	  
non-­‐interacting	  paramagnetic	   iron	   and	   cobalt	   atoms	   (which	   arise	   from	   the	  orbital	  motion	  
and	  electron	  spin).	  	  The	  Pt	  atoms	  have	  a	  magnetic	  moment	  as	  well,	  if	  they	  are	  in	  a	  suitable	  
crystal	  environment,	  which	  for	  the	  nanoalloys	  as	  per	  this	  thesis,	  occur	  after	  annealing	  at	  and	  
above	  temperatures	  of	  about	  400	  °C,	   i.e.	  when	  tetragonal	  splitting	  is	  observed	  in	  the	  XRD.	  	  
Now,	  the	  Pt	  magnetic	  spin	  can	  become	  polarised	  by	  the	  neighbouring	  ferromagnetic	  atoms	  
[48]	   (i.e.	  Fe	  and	  Co).	  This	   is	  depicted	  schematically	   in	  Figure	  3.78	  using	  data	   from	  the	  un-­‐
doped	  FePt	  system.	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Figure	  3.78:	   	  The	  effect	  of	  lattice	  position	  and	  dimensions	  on	  the	  observed	  SQUID	  data	  for	  
the	  FePt	  nanoalloy	  system.	  
	  
The	   model	   described	   in	   Figure	   3.78	   provides	   the	   basis	   for	   all	   the	   observed	   data	   in	   the	  
preceding	  sections;	  the	  differing	  values	  of	  the	  lattice	  parameters	  a	  and	  c	  allow	  for	  greater	  or	  
lesser	   interactions	   between	   adjacent,	   resulting	   in	   different	   magnetic	   phenomena	   and	  
interactions	   between	   different	   crystalline	   phases,	   via	   mechanisms	   such	   as	   as	   “exchange	  
bias”	  and	  “ferromagnetic	  coupling”.	  These	  concepts	  have	  been	  discussed	  in	  depth	  by	  many	  
authors,	  particularly	  Skomski	  [10],	  who	  has	  depicted	  the	  coupling	  as	  shown	  below	  in	  Figure	  
3.79.	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Figure	  3.79:	  	  Schematic	  representation	  of	  the	  exchange	  interaction	  between	  magnetic	  spins.	  
	  
The	  left-­‐hand	  panel	  in	  Figure	  3.79	  depicts	  ferromagnetic	  coupling	  (FM)	  between	  two	  spins,	  
resulting	   in	  a	   larger	  number	  of	  aligned	   spins.	   	   The	   right-­‐hand	  panel	  depicts	   spins	   that	  are	  
non-­‐interacting	  –	  the	  spins	  are	  either	  not	  strong	  enough	  to	  interact	  via	  exchange	  energy,	  or	  
are	   too	   far	  apart	  and	  are	   thus	  non-­‐magnetic	   (the	   size	  of	   the	  upward	  pointing	  arrow	   is	  an	  
indication	  of	  the	  magnitude	  of	  the	  magnetic	  moment).	  
The	  critical	  diameter	  of	  a	  nanoparticle	  is	  the	  diameter	  below	  which	  thermal	  fluctuations	  are	  
sufficient	  to	  misalign	  the	  magnetic	  spin	  of	  an	  incipient	  ferromagnetic	  state,	  and	  give	  rise	  to	  a	  
superparamagnetic	  state.	  	  This	  arises	  from	  the	  relationship	  between	  particle	  volume,	  𝑉,	  and	  
the	  thermal	  energy,	  𝑘!𝑇,	  to	  the	  orientation	  of	  the	  magnetic	  moment,	  which	  was	  introduced	  
in	   Chapter	   1,	   Equation	   1.10	   (τ! =   τ!𝑒( !"!!!),	  where	  τ!	   is	   the	  Néel	   relaxation	   time,	   or	   the	  
average	   time	   that	   the	   particle	   magnetic	   moment	   resides	   in	   a	   particular	   state,	   𝑘!	   is	  
Boltzman’s	   constant	   and	   τ!	   is	   the	   attempt	   time,	   usually	   around	   1	   nanosecond).	   	   From	  
Equation	  1.10,	   it	   can	  be	   seen	   that	  as	   the	  particle	   volume,	  𝑉,	   decreases,	   the	  values	  of	  𝐾𝑉	  
become	   comparable	   to	  𝑘!𝑇,	   (i.e.	  ~𝑒!)	   and	   the	   time	   	   required	   for	  magnetisation	   reversal	  
approaches	  𝜏!	  (i.e.	  about	  1	  nanosecond),	  resulting	  in	  a	  state	  of	  magnetic	  fluctuation,	  which	  
characterises	  the	  superparamagnetic	  state.	  	  For	  FePt	  and	  CoPt	  nanoparticles,	  this	  diameter	  
is	  approximately	  3	  nm	  [49].	  The	  particle	  sizes	  (calculated	  from	  the	  Scherrer	  equation)	  for	  the	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FePt	   crystallites	   in	  Figure	  3.8	   increase	  with	   increasing	   silver	   content,	  which	  contributes	   to	  
the	   increasing	   coercivity	   for	   increasing	   silver	   content.	   Figure	   3.30	   shows	   an	   increase	   of	  
coercive	   strength	   (𝐻)	   with	   increasing	   silver	   dopant	   concentration	   which	   concurrently	  
promotes	   the	   growth	   of	   larger	   FePt	   crystallites.	   Kang	   et	   al.	   observed	   the	   same	   trend	   in	  
coercivity	   with	   chemically	   synthesised	   [FePt]88Ag12	   nanoparticles	   when	   compared	   with	  
undoped	  FePt	  [13].	  	  This	  increased	  coercivity	  may,	  at	  first,	  seem	  to	  contradict	  the	  axial	  ratio	  
data	   of	   these	   alloys	   (Figure	   3.6),	   which	   indicates	   that	   FePt,	   [FePt]93Ag7	   and	   [FePt]85Ag15	  
compositions	  have	  identical	  axial	  ratios,	  within	  experimental	  error.	   	   In	  fact,	  the	  axial	  ratios	  
are	  calculated	  solely	  from	  the	  tetragonal	  material	  that	  generates	  the	  tetragonal	  reflections	  
in	  the	  XRD	  patterns	  that	  allow	  the	  tetragonal	  c-­‐axis	   to	  be	  calculated,	  with	  no	  contribution	  
from	  the	  cubic	  phase.	  	  Therefore,	  it	  is	  to	  be	  expected	  that	  the	  axial	  ratios	  would	  be	  similar	  to	  
one	   another,	   and	   the	   agreement	   of	   the	   axial	   ratios	   across	   the	   set	   of	   FePt(Ag)	   samples	  
annealed	  at	  the	  different	  temperatures	  is	  testament	  to	  the	  reproducibility	  of	  the	  synthesis	  
and	  preparation	  of	  the	  nanoparticles.	  	  	  
Whilst	  not	  affecting	  the	  axial	  ratios	  of	  the	  FePt	  grains,	  the	  role	  of	  the	  silver	  dopant	  atoms	  in	  
the	   FePt	   nano	   alloy	   system	   is	   to	   lower	   the	   temperature	   at	   which	   the	   tetragonal	  
superstructure	  (001)	  and	  (110)	  reflections	  become	  apparent	  (400	  °C	  for	  [FePt]93Ag15	  and	  500	  
°C	  for	  [FePt]85Ag7	  compared	  with	  about	  600	  °C	  for	  the	  un-­‐doped	  FePt	  nano	  alloy).	  	  Thus,	  the	  
silver	  dopant	  lowers	  the	  onset	  of	  tetragonalisation	  by	  about	  200	  °C,	  which	  is	  in	  agreement	  
with	  the	  observations	  of	  other	  workers,	  for	  example	  Harrell	  et	  al.	  [6].	  	  The	  silver	  dopant	  also	  
increases	  the	  kinetics	  of	  the	  crystalline	  ordering	  as	  can	  be	  seen	  by	  the	  increase	  in	  magnetic	  
saturation	  in	  Figure	  3.76.	  	  For	  undoped	  alloys,	  the	  increase	  in	  the	  saturation	  is	  slow	  at	  first,	  
but	  increases	  rapidly	  after	  being	  annealed	  at	  500	  °C	  –	  550	  °C,	  whereas	  the	  Ag-­‐doped	  alloys	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have	  higher	  magnetic	  saturations	  at	   lower	  annealing	  temperatures,	  and	  they	   increase	  at	  a	  
slower	  rate.	  	  This	  is	  in	  accord	  with	  the	  observations	  of	  Zafiropoulou	  et	  al.	  [50]	  who	  studied	  
the	  ordering	  kinetics	  of	  FePt	  nanoparticles	  doped	  with	  Ag	  and	  Au.	   	  They	  observed	  a	  rapid,	  
non-­‐linear	  response	  in	  the	  SQUID	  and	  XRD	  between	  375	  °C	  and	  400	  °C	  which	  they	  attributed	  
to	  conversion	  of	  the	  A1	  to	  L10	  phase	  of	  FePt.	  This	  was	  also	  similar	  to	  the	  findings	  of	  Kang	  et	  
al.	  [13].	  
It	  is	  known	  that	  cobalt	  addition	  to	  FePt	  nanoparticles	  can	  reduce	  the	  magnetic	  coercivity,	  as	  
shown	  by	  Chen	  et	  al.	  [39],	  	  who	  compared	  FePt	  and	  CoFePt	  nanoparticles,	  and	  qualitatively	  
explained	  the	  coercivity	  differences	  by	  the	  lower	  value	  of	  magnetocrystalline	  anisotropy	  for	  
CoPt	   (4.9	   x	   107	   erg/cm3)	   relative	   to	   FePt	   (between	   6.6	   to	   10	   x	   107	   erg/cm3).	   	   This	   is	   in	  
agreement	  with	   the	   findings	  of	   this	   thesis,	  where	   in	   Figure	  3.75	   it	  was	   found	   that	   cobalt-­‐
containing	   ternary	   alloys	   exhibited	   lower	   coercivities	   than	   the	   FePt	   binary	   alloys	   (Figure	  
3.30).	   	  However,	  Sehdev	  et	  al.	   [47]	  prepared	  Ag-­‐doped	  CoPt	  nanoparticles	  and	   found	  that	  
increasing	   Ag	   concentration	   increased	   the	   coercivity	   of	   their	   particles,	   with	   their	   highest	  
observed	  coercivity	  resulting	  from	  70	  atom%	  Ag	  content,	  which	  is	  the	  opposite	  to	  what	  was	  
observed	   in	   the	   (Co80Fe20)50Pt50(Ag)	   alloys	   prepared	   in	   this	   thesis	   (with	   Ag	   reducing	   the	  
coercivites),	   which	   indicates	   that	   the	   ternary	   alloys,	   though	   stoichiometrically	   80	   atom%	  
CoPt,	  and	  20atom%	  FePt	  do	  not	  behave	  like	  pure,	  separate	  phases	  of	  CoPt	  and	  FePt,	  further	  
indicating	  the	  formation	  of	  a	  solid	  solution.	  	  Sehdev	  et	  al.	  also	  noted	  that	  at	  high	  annealing	  
temperatures	  (at	  and	  above	  750	  °C)	  de-­‐alloying	  of	  the	  CoPt	  nanoparticles	  occured	  (for	  both	  
the	  Ag-­‐doped	  and	  un-­‐doped	  systems),	  as	  noted	  by	  marked	  reduction	  in	  coercivity	  in	  SQUID	  
measurements,	  and	  the	  emergence	  of	  elemental	  Pt,	  CoPt3	  and	  AgO	  reflections	   in	   the	  XRD	  
patterns,	  which	  were	  not	  observed	  in	  the	  (Co80Fe20)50Pt50	  nanoparticles	  in	  this	  thesis.	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Silver	  has	  been	  shown,	  in	  the	  literature,	  to	  reduce	  the	  average	  grain	  size	  in	  thin	  films	  of	  FePt	  
[16]	   and	   CoPt	   [7]	   (due	   to	   the	   lower	   melting	   point	   of	   Ag	   than	   FePt/CoPt	   in	   island	   grain	  
growth).	  	  However,	  for	  nanoparticles,	  silver	  has	  been	  shown	  to	  increase	  the	  grain	  growth	  in	  
FePt	  [6],	  which	  is	  in	  agreement	  with	  the	  crystallite	  growth	  observed	  in	  this	  thesis	  (Figure	  3.8	  
for	   FePt(Ag)	   and	   3.41	   for	   (Co80Fe20)50Pt50(Ag)),	   and	   for	   the	   FePt(Ag)	   nanoalloy	   system,	  
addition	   of	   silver	   resulted	   in	   enhanced	   magnetic	   saturation,	   coercivity	   and	   remanence.	  	  
However	   for	   the	   nanoalloys	   of	   (Co80Fe20)50Pt50,	   despite	   increasing	   crystallite	   growth,	   the	  
addition	   of	   silver	   was	   observed	   to	   reduce	   the	   magnetic	   coercivity,	   remanence	   and	  
saturation.	  	  For	  both	  the	  binary	  and	  ternary	  alloy	  systems,	  silver	  addition	  resulted	  in	  smaller	  
unit	  cell	  sizes	  (Figures	  3.7	  and	  3.40,	  respectively)	  at	  lower	  annealing	  temperatures	  than	  was	  
achieved	   without	   silver,	   implying	   an	   improved	   opportunity	   for	   ferromagnetic	   coupling	  
between	   adjacent	   atoms	   within	   the	   unit	   cell.	   	   Since,	   in	   the	   case	   of	   the	   (Co80Fe20)50Pt50	  
ternary	  alloy,	  silver	  was	  observed	  on	  the	  contrary,	  to	  reduce	  these	  magnetic	  characteristics,	  
it	   is	  concluded	  that	   this	   is	  a	   result	  of	  Ag-­‐stabilisation	  of	   the	  A1	  state	  of	   the	  solid	  solution,	  
hindering	  formation	  of	  the	  hard-­‐magnetic	  L10	  phase.	  
Compressive	  stress	  of	  the	  unit	  cell	  has	  been	  shown	  to	  hinder	  the	  formation	  of	  the	  L10	  phase	  
in	  FePt	  thin	  films	  [51],	  however	  the	  calculated	  cell	  volumes	  for	  FePt	  in	  Figure	  3.7	  and	  their	  
corresponding	  c/a	  values	  in	  Figure	  3.6	  do	  not	  seem	  to	  show	  any	  hindrance	  in	  converting	  to	  
the	  L10	  phase.	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3.5	  	   Conclusion	  
	  
FePt	   and	  CoFePt	  nanoparticles	  were	   successfully	  prepared	  by	  a	   reverse	  micelle	   technique	  
and	  were	  found	  to	  display	  a	  range	  of	  magnetic	  phenomena	  ranging	  from	  paramagnetism	  (in	  
the	   chemically	   disordered	   state),	   superparamagnetism	   (in	   the	   pseudo-­‐cubic	   crystalline	  A1	  
state)	   and	   ferromagnetism	   (in	   the	   chemically	   ordered	   L10	   state).	   	   These	   magnetic	  
characteristics	   could	   be	   controlled	   by	   the	   temperature	   at	   which	   the	   particles	   were	  
annealed,	   and	   the	   period	   of	   time	   for	   which	   they	  were	   held	   at	   these	   temperatures.	   	   The	  
extent	   of	   conversion	   from	   the	   A1	   to	   the	   L10	   crystalline	   phases	   of	   FePt	   and	   solid-­‐solution	  
CoFePt	  could	  be	  qualitatively	  followed	  by	  XRD	  measurements,	  evidenced	  by	  the	  tetragonal	  
splitting,	   and	   emergence	  of	   super-­‐structure	   (001)	   and	   (110)	   reflections	   due	   to	   the	   loss	   of	  
symmetry	  as	  the	  unit	  cell	  contracts.	  	  	  
The	   silver	   dopant	   was	   reduced	   the	   temperature	   at	   which	   the	   onset	   of	   tetragonalisation	  
occurred,	  as	  seen	   in	  the	  XRD	  (as	  the	  superstructure	  peaks),	  as	  well	  as	  the	  extent	  to	  which	  
the	  conversion	  to	  the	  tetragonal	  phase	  took	  place,	  which	  was	  manifested	  as	  an	  increase	  in	  
coercivity	   in	   the	   SQUID	   hysteresis	   loops	   for	   FePt.	   	   For	   CoFePt	   samples,	   the	   silver	   had	   a	  
detrimental	  effect	  on	  the	  coercivity	  values,	  but	  promoted	  the	  crystal	  structure	  to	  match	  that	  
of	   the	   JCPDS	  card.	   	   In	   this	  case	   the	  silver	   is	  believed	  to	  enhance	  the	  chemical	  ordering	  by	  
creating	  vacancies	  in	  the	  lattice	  as	  it	  leaves	  during	  the	  annealing	  process.	  	  This	  ‘increase	  in	  
perfection’	  in	  the	  L10	  crystallites	  leads	  directly	  to	  the	  changes	  observed	  in	  the	  SQUID,	  from	  
para-­‐	  to	  superpara-­‐	  to	  ferro-­‐magnetism,	  which	  allows	  a	  more	  facile	  alignment	  of	  the	  spins	  in	  
a	  given	  external	  magnetic	  field.	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The	  HRTEM	  and	  SAED	  of	  such	  ensembles	  agreed	  with	  what	  had	  been	  observed	  in	  the	  XRD,	  
and	   further	   proves	   that	   the	   aforementioned	   phenomena	   can	   be	   observed	   inside	   single	  
nanoparticles,	  rather	  than	  existing	  as	  discrete	  regions	  of	  FePt,	  CoFePt	  and	  Ag	  inside	  a	  bulk	  
ensemble	  of	  random	  phases.	  	  	  
It	  is	  clear	  that	  although	  XRD	  can	  be	  used	  to	  trace	  the	  evolving	  changes	  in	  crystal	  symmetry,	  
size	   and	   composition,	   as	   the	   nanoalloys	   are	   annealed,	   it	   is	   not	   sufficiently	   sensitive	   to	  
indicate	   the	  relative	  proportions	  of	  magnetic	  phases	  present.	   	  Thus,	  subtle	  changes	   in	   the	  
evolving	  magnetic	  behaviour	  can	  only	  be	   followed	  by	  careful	  SQUID	  measurements	  which	  
are	  necessary	  to	  fully	  define	  the	  magnetic	  properties	  of	  such	  nanoparticles.	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CHAPTER	  	  4	   	   	   	  	  
	  
	  
DESIGN	  AND	  CALIBRATION	  OF	  MICRO	  CALORIMETER	  
	  
4.1	  	   Introduction	  
	  
The	  scientific	  literature	  contains	  a	  wealth	  of	  information	  on	  radio	  frequency	  (RF)	  alternating	  
current	   (AC)	   heating	   of	   magnetic	   nanoparticles,	   both	   in-­‐vitro	   [1-­‐9]	   and	   in-­‐vivo	   [10-­‐11].	  	  
However,	  with	  the	  exception	  of	   the	  studies	   just	   referenced,	  very	   few	  groups	  elaborate	  on	  
the	   details	   of	   their	   calorimetry,	   which	   leads	   to	   considerable	   confusion	   in	   their	  
interpretation.	   	  For	  example,	   it	   is	  well	  known	  that	  a	  conductor	  placed	   inside	  an	  oscillating	  
magnetic	   field	  will	   generate	  a	   current,	   and	   in	   the	   case	  of	   a	   thermocouple	  placed	   inside	  a	  
sample	  exposed	  to	  an	  RF-­‐AC	  magnetic	   field,	  this	  will	   introduce	  a	  significant	  artefact	   in	  the	  
measurement.	   	  Baker	  et	  al.	   [7]	  addressed	   this	   issue	  by	  periodically	   recording	   temperature	  
measurements	  while	   the	  magnetic	   field	  was	   switched	  off.	   	   Salloum	  et	  al.	   [4]	  made	  use	  of	  
non-­‐magnetic	  copper-­‐constantan	  thermocouples,	  which	  do	  not	  exhibit	  hysteretic	  heating	  in	  
the	   AC	   field,	   but	   did	   not	   comment	   on	   the	   possibility	   of	   induced	   voltages	   in	   the	   copper-­‐
constantan	   thermocouple.	   Several	   calorimeter	   designs	   have	   overcome	   this	   issue	   by	   using	  
alcohol	   thermometers	   (for	  example	   the	  early	  work	  of	  Gilchrist	   [12])	  or	  optical	  probes	   (for	  
example	  the	  in-­‐vivo	  work	  of	  Johanssen	  [13]	  and	  in-­‐vitro	  work	  of	  Rovers	  [14]),	  however	  these	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suffer	  from	  poor	  resolution.	  	  Convective	  heat	  transfer	  from	  the	  electromagnet	  to	  the	  sample	  
can	  be	  another	  significant	  source	  of	  error	  in	  RF-­‐calorimetry,	  an	  issue	  that	  was	  addressed	  by	  
Goya	   [15].	   	   Furthermore,	   it	   is	   often	   the	   case	   that	   an	   article	   will	   refer	   to	   the	   measured	  
temperature	  change	  (ΔT)	  or	  specific	  absorption	  rate,	  SAR,	  value,	  with	  no	  details	  of	  how	  the	  
measurements	   were	   made,	   or	   the	   calculation	   performed.	   	   Recently,	   Landi	   et	   al.	   [16]	  
proposed	  a	  lumped	  parameter	  model	  to	  separate	  the	  heating	  from	  nanoparticles	  from	  the	  
convective	  heat	  transfer	  from	  the	  electromagnet	  by	  studying	  the	  cooling	  curves	  as	  well	  as	  
the	  heating	  curves,	  noting	  the	  cooling	  curves	  have	  no	  contribution	  from	  the	  electromagnet.	  	  
In	   addition,	  many	   factors	   influence	   the	   relaxation	  mechanism	  by	  which	  heat	   is	   generated	  
(see	  Chapter	  1),	  and	  their	  contribution	  is	  unique	  to	  each	  experimental	  set	  up.	  	  Nanoparticle	  
diameter	  is	  one	  major	  factor;	  Lima	  et	  al.	  [17]	  noted	  for	  magnetite	  nanoparticles,	  at	  a	  fixed	  
excitatory	   RF-­‐AC	   magnetic	   field,	   that	   increasing	   the	   nanoparticle	   diameter	   changed	   the	  
relaxation	   mechanism	   (and	   thus	   the	   SAR)	   by	   which	   the	   nanoparticles	   dissipated	   heat.	  	  
Specifically,	  for	  magnetite	  nanoparticles	  with	  diameters	  below	  11	  nm	  and	  an	  applied	  RF-­‐AC	  
magnetic	  field	  of	  250	  kHz	  that	  Néel	  relaxation	  dominated,	  while	  for	  slightly	  larger	  magnetite	  
nanoparticles	   of	   diameter	   20	   nm,	   Brown	   relaxation	   was	   the	   main	   contributor	   to	   the	  
observed	  SAR,	  and	  it	  is	  well	  known	  that	  even	  larger	  ferromagnetic	  particles	  which	  relax	  via	  
hysteretic	   losses	   will	   play	   a	   crucial	   role	   in	   the	   final	   SAR	   (Specific	   Absorption	   Rate)	   value	  
obtained.	   	   Similarly,	   Seehra	   et	   al.	   [8]	   calculated	   theoretical	   values	   of	   the	   magnetic	  
saturation,	  magneto-­‐crystalline	  anisotropy	  and	  attempt	  frequency	  (all	  proportional	  to	  their	  
intrinsic	  power	  output)	  for	  populations	  of	  3	  nm	  and	  9	  nm	  fcc	  FePt	  nanoparticles,	  noting	  vast	  
differences	  resulting	  from	  the	  different	  sizes.	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Likewise,	  Martinez-­‐Boubeta	  et	  al.	   [18]	   found	  experimentally	   that	  magnetite	  nanoparticles,	  
of	   similar	   dimensions,	   exhibited	   larger	   SAR	   values	   if	   they	   possessed	   a	   cubic	   morphology	  
rather	  than	  spherical.	  
Further	   complicating	   the	   comparison	  of	   SAR	   values	  between	  different	   authors	   is	   the	   field	  
and	  frequency	  (𝐻𝑓)	  dependence	  of	  the	  SAR	  parameter,	  since	  identical	  nanoparticles	  excited	  
in	  different	   fields	  exhibit	   vastly	  differing	  SARs,	   seldom	  offering	  useful	   comparisons.	   	   In	   an	  
effort	   to	   by-­‐pass	   the	   𝐻𝑓-­‐dependence	   of	   the	   SAR,	   Kallumadil	   et	   al.	   [19]	   introduced	   the	  
intrinsic	  loss	  power,	  ILP,	  which	  they	  defined	  as   !"#!!! ,	  while	  Hilger	  et	  al.	  [20]	  fitted	  a	  3rd	  order	  
relationship	   between	   ΔT	   and	   H	   from	   their	   experimental	   data,	   and	   Hiergeist	   [9]	   noted	   a	  
second	   order	   relationship	   between	   SAR	   and	  𝐻	   for	   superparamagnets	   and	   a	   third	   order	  
relationship	   for	   ferromagnets,	  which	   is	   in	   agreement	  with	   theoretical	   predictions	   for	   low-­‐
field	  hysteresis	  loops	  [21]	  (see	  Section	  5.2.1).	  
Maenosono	  [22]	  performed	  theoretical	  calculations	  on	  the	  heating	  abilities	  of	  fcc-­‐FePt,	  fct-­‐
FePt,	   magnetite,	   maghemite	   (γ-­‐Fe2O3)	   and	   FeCo,	   and	   found	   fcc-­‐FePt	   nanoparticles	   with	  
diameters	  of	  9	  nm	  possessed	  superior	  heating	  rates	  (ΔT/Δt),	  but	  did	  not	  explicitly	  quote	  any	  
SAR	  values.	   	  Recently,	  Andreu	  et	  al.	  [23]	  published	  an	  article	  on	  the	  errors	  involved	  in	  SAR	  
measurements,	   commenting	   that	   many	   claimed	   measurements	   were	   more	   accurately	  
described	  as	  “rough	  estimates”.	  
As	  such,	  this	  current	  Chapter	  provides	  a	  detailed	  description	  of	  the	  design	  of	  a	  novel	  micro	  
calorimeter	   and	   the	   necessary	   data	   treatment	   which	   aims	   to	   overcome	   the	   artefact	  
problems	   described	   above.	   	   This	   is	   achieved	   by	   recording	   the	   temperature	   evolution	   by	  
means	   of	   a	   fine-­‐gauge	   thermocouple	   which	   has	   a	   far	   greater	   precision	   than	   optical	  
temperature	   probes	   commonly	   employed	   (±0.01	   °C	   compared	   with	   ±0.3	   °C)	   and,	   by	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adopting	   a	   differential	   approach	   to	   isolate	   the	   heating	   specific	   to	   the	   nanoparticles.	  	  
Sufficient	   insulation	  of	  the	  calorimeter	  to	   increase	  the	  accuracy	  of	  the	  SAR	  measurements	  
was	   also	   incorporated	   into	   the	   design,	   similar	   to	   that	   of	   Natividad	   et	   al.	   [24].	   Finally	   a	  
calibration	  procedure	  for	  the	  instrument	  and	  least	  squares	  model	  for	  interpreting	  the	  data	  
were	   developed	   to	   extract	   information	   from	   the	   raw	   data,	   an	   issue	   Landi	   [16]	   had	   also	  
addressed.	  
4.2	  	   Measurement	  of	  Losses	  
	  
In	  order	  to	  assess	  the	  power	  dissipated	  as	  heat	  by	  magnetic	  nanoparticles	  in	  an	  RF	  magnetic	  
field,	   calorimetric	  measurements	   were	   performed	   on	   dispersions	   of	   nano-­‐particles	   inside	  
glass	  ampoules.	  	  
The	  work	  described	  in	  this	  Chapter	  was	  undertaken	  in	  collaboration	  with	  Adjunct	  Professor	  
Ronald	  B.	  Zmood	  who	  provided	  the	  technical	  expertise	  and	  circuit	  design	  of	  the	  oscillating	  
magnetic	  field	  calorimeter.	  Adj.	  Prof.	  Zmood	  also	  assisted	  with	  the	  associated	  mathematical	  
modelling	   used	   to	   extract	   reliable	   thermal	  measurements	   on	   the	  magnetic	   nanoparticles.	  	  
The	   author	   of	   this	   thesis	   contributed	   to	   the	   assembly	   and	   optimisation	   of	   the	  
microcalorimeter	   and	   performed	   the	   experimental	   studies,	   data	   treatment	   and	  
interpretation.	  
	  Figure	  4.1	  depicts	  the	  experimental	  set	  up	  of	  the	  micro-­‐calorimeter,	  in	  which	  a	  dispersion	  of	  
the	   nanoparticles	   in	   an	   appropriate	  medium	   is	   placed	   in	   a	   glass	   ampoule,	   surrounded	   by	  
thermal	  insulation	  (polyurethane	  foam),	  with	  a	  thermocouple	  placed	  inside	  the	  nanoparticle	  
dispersion	  to	  record	  its	  temperature.	  	  This	  provides	  the	  basic	  setup	  of	  the	  calorimeter	  which	  
is	   then	  placed	  between	  an	  electromagnet	  energised	  with	  an	   induction	  coil,	   to	  provide	  the	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oscillating	   external	   excitatory	   field.	   	   The	   pole	   faces	   are	  water	   jacketed	   to	   provide	   an	   iso-­‐
thermal	   barrier	   between	   the	   electro-­‐magnet	   core	   and	   the	   calorimeter,	   and	   to	   prevent	  
convective	   heat	   transfer	   from	   the	   core,	   which	   undergoes	   self-­‐heating	   throughout	   the	  
duration	  of	  an	  RF-­‐AC	  excitation	  imposed	  on	  it.	  
	  
Figure	  4.1:	  Diagram	  of	   the	  calorimeter	  cross	  section.	   	  Actual	   size	  of	   the	  ampoule	   is	  5	  mm	  
diameter	  and	  40	  mm	  long.	  Figure	  from	  [25].	  
	  
The	  arrangement	  described	   in	  Figure	  4.1	  differs	  from	  the	  great	  majority	  of	  calorimeters	   in	  
the	  literature	  because	  it	  uses	  a	  differential	  set-­‐up	  to	  counter	  all	  heating	  effects	  extraneous	  
to	  the	  nanoparticles,	  and	  it	  employs	  a	  detailed	  modelling	  protocol	  for	  the	  raw	  calorimeter	  
data,	  which	  is	  discussed	  in	  Section	  4.6.	  	  
As	   can	   be	   seen	   in	   Figure	   4.1,	   the	   applied	   magnetic	   field,	   H,	   excites	   the	   nanoparticle	  
dispersion	  in	  the	  ampoule,	  which	  is	  insulated	  by	  the	  polyurethane	  and	  water	  jacket,	  making	  
it	  an	  adiabatic	  calorimeter.	  	  Since	  the	  thermocouple	  is	  exposed	  to	  the	  magnetic	  field	  during	  
an	   RF	   heating	   measurement,	   eddy	   current	   heating	   of	   the	   thermocouple	   will	   occur	   and	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would	  create	  spurious	  results.	  	  This	  problem	  is	  overcome	  by	  using	  a	  second	  thermocouple	  in	  
a	  differential	  arrangement.	  	  Thus,	  rather	  than	  removing	  the	  thermocouple	  from	  the	  system	  
during	  the	  RF	  exposure	  and	  taking	  periodic	  measurements	  during	  brief	  moments	  while	  the	  
field	   is	   temporarily	   switched	   off,	   such	   as	   was	   performed	   by	   Baker	   [7],	   the	   second	  
thermocouple	  is	  differentially	  connected	  to	  the	  existing	  thermocouple,	  and	  placed	  inside	  a	  
reference	   ampoule,	   which	   contains	   the	   same	   dispersing	   media	   but	   without	   the	  
nanoparticles.	   	   Thus,	   the	   signal	   generated	   from	   the	   calorimeter	   is	   purely	   from	   the	  power	  
dissipated	   from	   the	   nanoparticles,	   and	   not	   from	   thermocouple	   self	   heating,	   nor	   heat	  
transfer	  from	  the	  pole	  faces.	  	  
	  
4.3	  	   	   Calorimetric	  Measurement	  of	  Nanoparticle	  Heating	  
	  
The	  calorimeter	  design	  that	  was	  deemed	  most	  suitable	  for	  the	  present	  work	  employed	  an	  
adiabatic	  approach	  for	  the	  measurement	  of	  the	  heat	  generated	  by	  magnetic	  nanoparticles	  
in	  an	  RF	  magnetic	   field	  [24,	  26].	   	   In	  this	  setup,	  the	  real-­‐time	  adiabatic	  temperature	  rise	  of	  
the	   nanoparticle	   dispersion	   is	   recorded,	   alongside	   the	   thermal	   capacity,	   from	   which	   the	  
power	  dissipation	  can	  be	  calculated	  as	  described	  in	  detail	  in	  the	  treatment	  provided	  in	  this	  
Chapter,	   or	   alternatively	   from	   the	   initial	   gradient	   of	   the	   real-­‐time	   temperature	   plot.	   	   To	  
minimise	   temperature	   artefacts,	   the	   calorimeter	   construction	   primarily	   employed	   non-­‐
metallic	   components;	   the	   only	   major	   metallic	   component	   in	   close	   proximity	   to	   the	  
nanoparticle	  sample	  being	  the	  metallic	  thermocouple,	  which	  was	  chosen	  to	  have	  as	  fine	  a	  
gauge	  as	  possible	  to	  reduce	  this	  interference.	  	  As	  detailed	  in	  section	  4.4.3,	  the	  eddy	  current	  
heating	   of	   the	   sample-­‐ampoule	   thermocouple	   was	   countered	   by	   a	   second	   thermocouple	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connected	   as	   a	   cold	   junction	   and	   immersed	   in	   a	   reference-­‐ampoule	   which	   contains	   the	  
nanoparticle	   dispersing	   media	   without	   the	   nanoparticles.	   	   By	   carefully	   aligning	   the	  
differential	  sample	  and	  reference	  thermocouples,	  the	  length	  of	  thermocouple	  wire	  in	  each	  
ampoule	  becomes	  equivalent,	  and	  thus	  the	  measurement	  artefact	  of	  eddy	  current	  heating	  
in	  the	  thermocouples	  is	  minimised.	  	  	  
	  
To	   provide	   a	   homogeneous	   magnetic	   field	   to	   excite	   the	   nanoparticle	   samples,	   the	   gap	  
between	   the	   pole	   faces	  was	   set	   at	   15	  mm.	   	   This	   required	   the	   dimensions	   of	   the	   thermal	  
insulation	  and	  water	  jacket	  to	  be	  minimal	  to	  fit	  snugly	  inside	  this	  gap.	   	  A	  water	  jacket	  was	  
installed	  to	  shield	  the	  calorimeter	  from	  the	  heat	  generated	  due	  to	  hysteretic	  effects	  in	  the	  
zinc-­‐ferrite	  core	  from	  which	  the	  electro-­‐magnet	  was	  constructed,	  which	  over	  the	  course	  of	  
10	  minutes	   could	   heat	   up	   from	   room	   temperature	   to	   ~80	   	  ̊C	   (495	   kHz,	   0.7	   V).	   	   The	   final	  
artefact	  to	  be	  addressed	  with	  the	  RF-­‐exposed	  thermocouples	  was	  a	  large	  induced	  AC	  signal	  
arising	  from	  the	  RF	  field,	  which	  was	  dealt	  with	  by	  means	  of	  phi	  filter	  circuits	  on	  the	  ends	  of	  
the	  thermocouples	  as	  their	  output	  was	  fed	  into	  the	  data	  acquisition	  system.	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4.4	  	   	   Calorimeter	  Design	  for	  Hyperthermia	  Measurements	  
The	   following	   section	   details	   the	   construction	   of	   the	   adiabatic	   calorimeter,	   differential	  
thermocouple	  setup,	  iso-­‐thermal	  water	  jacket,	  the	  electromagnet	  and	  associated	  matching	  
circuitry,	  and	  finally,	  calibration.	  	  
4.4.1	  	  	   Mechanical	  Design	  
	   	  
A	  schematic	  diagram	  of	  the	  calorimeter	  device	  is	  shown	  in	  Figure	  4.2	  below.	  
	  
Figure	   4.2:	   	   Diagram	   of	   the	   sample	   housing.	   (a)	   Exploded	   view	   of	   sample	   housing.	   (b)	  
sectioned	  view	  of	  sample	  holder.	  	  Figure	  from	  [25].	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Figure	  4.2	   (a)	   illustrates	  how	   the	   sample	  and	   reference	  ampoules,	  which	   consist	  of	  5	  mm	  
inner	   diameter	   borosilicate	   glass	   tubes	   of	   length	   40	   mm,	   are	   positioned	   inside	   the	  
polyurethane	  insulation.	  	  This	  in	  turn	  is	  in	  contact	  with	  the	  water	  jackets,	  which,	  when	  the	  
calorimeter	   as	   a	   whole	   is	   assembled,	   fit	   alongside	   the	   pole	   faces	   of	   the	   ferrite	  
electromagnetic	  core.	  	  The	  sample	  and	  reference	  ampoules	  are	  positioned	  side	  by	  side,	  such	  
that	  the	  magnetic	  field	  experienced	  by	  each	  is	  as	  near	  as	  possible	  to	  identical.	  	  Not	  shown	  in	  
the	  diagram	  (for	  clarity)	  are	  the	  thermocouples,	  which	  are	  aligned	  down	  the	  centre	  of	  the	  
ampoules	  with	  the	  thermocouple	   junctions	  at	  the	  half-­‐maximum	  height	  of	  the	   liquid.	   	  The	  
thermocouples	  are	  connected	  at	  the	  isothermal	  block	  in	  Figure	  4.2	  (b)	  allowing	  them	  to	  act	  
as	  hot	  and	  cold	  junctions	  in	  the	  sample	  and	  reference	  ampoules	  respectively.	  
	  
4.4.2	  	  	   Water	  Jacket	  	  
	  
As	  mentioned	  previously,	  during	  the	  period	  of	  RF	  exposure,	  the	  pole	  faces	  of	  the	  zinc-­‐ferrite	  
core	  experience	  substantial	  self-­‐heating,	  so	  a	  water	  jacket	  was	  fitted	  between	  the	  pole	  faces	  
and	  the	  calorimeter	  to	  prevent	  heat	  transfer	  from	  the	  poles	  to	  the	  ampoules.	  	  A	  schematic	  
diagram	  of	  the	  water	  jackets	  is	  shown	  below	  in	  Figure	  4.3.	  	  A	  peristaltic	  pump	  carries	  water	  
from	  a	  temperature	  controlled	  bath	  to	  the	  jackets	  at	  a	  programmed	  rate	  of	  4	  mL/min.	   	  At	  
this	  rate,	  water	  at	  25	  °C	  from	  the	  bath	  heats	  by	  0.088	  °C	  as	  it	  passes	  through	  the	  jacket	  for	  
every	  degree	  the	  pole	  faces	  heat	  up,	  thus	  contributing	  minimal	  error	  to	  the	  overall	  data.	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Figure	  4.3:	  Left;	  Water	  jacket	  schematic.	  	  The	  greyed	  sections	  correspond	  to	  the	  zinc-­‐ferrite	  
core	  (pole	  faces	  1	  and	  2)	  and	  calorimeter,	  which	  are	  not	  part	  of	  the	  water	  jacket	  system,	  but	  
included	  as	  a	  visual	  aid;	  Right,	  photo	  of	  assembled	  water	  jacket	  around	  pole	  faces.	  
	  
4.4.3	  	  	   Sample	  Temperature	  Measurement	  
	  
Fine-­‐	   gauge	   K-­‐type	   thermocouples	  were	   selected	   since	   they	   could	   be	   purchased	   in	   a	   fine	  
gauge,	  so	  as	  to	  minimise	  the	  effect	  of	  their	  thermal	  mass	  on	  the	  calorimeter	  response,	  and	  
they	  were	  carefully	  aligned	  into	  each	  ampoule,	  residing	  below	  the	  surface	  of	  the	  sample	  and	  
reference	  liquids.	   	  As	  stated	  earlier,	  eddy	  currents	  are	   induced	  in	  the	  thermocouples	  since	  
they	  are	  conductors	  in	  an	  RF	  magnetic	  field.	  	  However,	  their	  small	  mass	  resulting	  from	  the	  
fine	  gauge	  minimises	  their	  thermal	  dissipation	  in	  the	  RF	  field.	  To	  counterbalance	  these	  eddy	  
currents,	   the	   two	   thermocouples	   are	   connected	   in	   series,	  with	   the	   second	   thermocouple	  
being	   allocated	   to	   the	   reference	   ampoule,	   which	   contains	   dispersing	   media	   without	  
nanoparticles,	  which	  in	  effect	  serves	  as	  a	  cold	  junction.	  	  The	  net	  output	  of	  the	  calorimeter,	  
which	   is	   fed	   into	   the	  data	  acquisition	   system	   (see	  next	   section)	   is	   the	  difference	  between	  
the	   thermocouple	   outputs,	   which	   is	   the	   signal	   arising	   solely	   from	   the	   nanoparticle	   RF	  
heating,	  and	  an	  algorithm	  to	  model	   this	   thermocouple	  output	   is	  presented	   in	  Section	  4.6.	  	  
The	  output	  signal	  is	  fed	  via	  a	  shielded	  cable	  through	  a	  differentially	  connected	  low	  pass	  filter	  
(LPF)	  to	  the	  data	  acquisition	  system	  (Keithley	  M2700	  digital	  volt	  meter).	  	  The	  low	  pass	  filters	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cut	   the	  RF	  signal	   induced	   in	   the	  thermocouples	  by	  over	  80	  dB,	  which	  subsequently	  allows	  
the	  digital	  voltmeter	  to	  record	  the	  thermocouple	  output	  in	  the	  presence	  of	  the	  RF	  with	  no	  
noticeable	  effect.	  	  Figure	  4.4	  depicts	  the	  temperature	  measurement	  setup.	  
	  
Figure	  4.4:	  Schematic	  diagram	  of	  the	  thermocouple	  temperature	  measurement	  circuit.	  HJ	  =	  
hot	  junction,	  CJ	  =	  cold	  junction,	  LPF	  =	  low	  pass	  filter.	  Schematic	  from	  [25].	  
	  
	  
4.4.4	  	  	   Radio	  Frequency	  Magnetic	  Field	  Generation	  
	  
The	   RF	   magnetic	   field	   was	   generated	   by	   connecting	   a	   50	   W	   RF	   amplifier	   to	   a	   Zn-­‐Fe2O4	  
electromagnet.	  	  With	  the	  input	  signal	  frequency	  set	  at	  495	  kHz	  and	  an	  amplitude	  of	  0.7	  V,	  a	  
field	  strength	  of	  3.6	  kA/m	  was	  generated	  between	  the	  pole	  faces	  of	  the	  core.	  	  This	  value	  is	  
similar	  to	  the	  field	  strength	  other	  groups	  have	  employed	  in	  their	  RF	  magneto-­‐caloric	  studies,	  
and	  care	  was	  taken	  not	   to	  exceed	  the	  Bresozich-­‐defined	   field-­‐frequency	  product	  of	  4.85	  x	  
108	  A/m.second	  [27],	  which	  other	  groups	  often	  have	  exceeded,	  since	  it	  induces	  eddy	  current	  
heating	   in	   human	   tissue	   when	   the	   exposed	   sample	   reaches	   the	   dimensions	   of	   a	   human	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torso.	  A	  schematic	  layout	  of	  the	  electromagnet	  and	  its	  driving	  circuit	  and	  matching	  circuits	  
are	  given	  below	  in	  Figure	  4.5	  and	  Figure	  4.6.	  
	  
	  
Figure	  4.5:	  Electromagnetic	  circuit	  set	  up	  illustrating	  the	  coupling	  of	  the	  circuit	  to	  the	  ferrite	  
core.	  Circuit	  diagram	  from	  [25].	  
	  
	  
Figure	  4.6:	   	  Matching	  circuit	  diagram	   for	   the	  matching	  circuit	  between	   the	  RF	   source	  and	  
ferrite	  core.	  Circuit	  diagram	  from	  [25].	  
	  
The	   RF	   amplifier	   (Tomco	   BT	   00050-­‐AlphaS-­‐CW),	   in	   Figure	   4.5	   has	   input	   and	   output	  
impedances	  of	  50	  Ω,	  and	  a	  nominal	  power	  output	  of	  50	  W	  for	  an	  input	  drive	  of	  0	  dBm.	  The	  
input	  signal	  is	  sourced	  from	  an	  RF	  oscillator	  (Hewlett-­‐Packard	  RF	  frequency	  generator).	  The	  
electromagnet	  assembly	  consists	  of	  a	  horse-­‐shoe-­‐shaped	  zinc	   ferrite	  core	  with	  10	  turns	  of	  
134	  strand	  Litz	  wire	  to	  inductively	  energise	  the	  core.	  	  The	  amplified	  RF	  output	  is	  fed	  to	  the	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induction	  coil	  via	  a	  matching	  circuit	  using	  a	  π-­‐match	  network	  to	  give	  an	  output	  current	  of	  6	  
A.	  This	  assembly	  provides	  a	  uniform	  magnetic	  field	  with	  a	  field	  strength	  of	  3.6	  kA/m	  in	  an	  air	  
gap	   of	   15	  mm.	   The	  magnetic	   field	  was	   calibrated	   by	   placing	   a	   sense	   coil	   comprised	   of	   a	  
solenoid	   in	   the	  air	  gap.	   	  Figure	  4.7	  below	  depicts	   the	  core	  and	  matching	  circuit	  set	  up,	  RF	  
input	  and	  assembled	  calorimeter	  housing.	  
	  
	  
	  
Figure	  4.7:	  	  Photograph	  of	  assembled	  calorimeter,	  electromagnet	  and	  matching	  circuit:	  The	  
RF	   signal	   	   input	   (1)	   from	   (2)	   RF	   source	   (amplifier	   not	   shown),	   is	   fed	   to	   (3)	   the	  matching	  
circuit	  which	  feeds	  to	  (4)	  a	  Litz	  wire	  coil	  (n	  =	  10	  turns)	  to	  energise	  (5)	  the	  ferrite	  U-­‐shaped	  
core	   and	   (6)	   the	   I-­‐bar	   ferrite	   core	  which	   forms	   the	   electro-­‐magnet.	   	   The	   resulting	   RF-­‐AC	  
magnetic	   field	   is	  generated	  at	   the	  pole	   faces,	  where	  7),	   the	  calorimeter	   insulation	  houses	  
the	  sample	  and	  reference	  ampoules.	  	  The	  output	  from	  the	  thermocouples	  is	  fed	  into	  8)	  the	  
shielded	  die-­‐cast	  housing	  where	  they	  are	  connected	  to	  (9)	  the	  shielded	  cable	  which	  feeds	  to	  
the	  data	  acquisition	   system	   (not	   shown).	   	  Also	  not	   shown	   in	   the	  Figure	   is	   the	   iso-­‐thermal	  
housing	  and	  water	  jacket	  which	  fits	  between	  (6)	  and	  (7).	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4.5	  	   	   Sample	  Preparation	  
	  	  
To	   prepare	   the	   sample	   ampoule	   for	   calorimetric	   measurements,	   a	   known	   mass	   of	  
nanoparticles	   (ca.	   80	  mg)	   was	   dispersed	   by	   probe	   sonication	   in	   200	  mg	   of	   neat	   SPAN85	  
(sorbitan	  trioleate),	  which	  is	  a	  biologically	  benign,	  commercially	  available	  amphiphile,	  which	  
was	  purchased	  from	  Sigma	  Aldrich	  and	  used	  as	  received.	  Sorbitan	  trioleate	  has	  the	  chemical	  
structure	  shown	  in	  Figure	  4.8,	  below:	  
	  
Figure	  4.8:	  	  Sorbitan	  trioleate	  chemical	  structure,	  trade	  name	  SPAN85.	  
	  
Sorbitan	  trioleate	  (SPAN85)	  was	  chosen	  as	  the	  dispersing	  agent	  since	  the	  polar	  head	  group	  
of	   the	   amphiphile	   has	   a	   high	   affinity	   for	   the	   polar	   surface	   of	   the	   commercial	   magnetite	  
nanoparticles	  and,	  likewise,	  the	  polar	  surface	  of	  the	  oxidised	  graphitic	  carbon	  coating	  of	  the	  
binary	   and	   ternary	   alloys	   studied	   in	   this	   work	   (as	   determined	   by	   zeta	   potential,	   FTIR	  
spectroscopy,	  raman	  spectroscopy	  and	  contact	  angle	  measurements).	  
After	   probe	   sonication	   (5	   minutes)	   the	   dispersed	   nanoparticles	   were	   immediately	  
transferred	  to	  the	  calorimeter,	  which	  was	  allowed	  to	  thermally	  stabilise	  over	  a	  period	  of	  10	  
minutes,	   before	   thermal	   data	   acquisition	  measurements	   could	   be	   taken	   over	   a	   period	   of	  
about	  10	  minutes.	  	  RF	  heating	  measurements	  that	  were	  repeated	  one	  hour	  after	  the	  initial	  
sonication	   of	   the	   dispersions	   were	   repeatable,	   indicating	   long	   term	   stability	   of	   the	  
dispersions.	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4.6	  	   	   Modelling	  of	  Heat	  Generation	  and	  Conduction	  
	  
In	  order	  to	  calculate	  the	  total	  power	  dissipated	  by	  the	  magnetic	  nanoparticles	  (the	  specific	  
absorption	   rate,	   SAR)	   during	   exposure	   to	   the	   RF-­‐AC	   magnetic	   field,	   the	   total	   thermal	  
capacities	  of	  the	  sample	  and	  reference	  ampoules	  must	  be	  calculated.	  	  In	  order	  to	  do	  so,	  the	  
corresponding	  thermal	  masses	  of	  the	  individual	  components	  of	  the	  ampoules,	  their	  thermal	  
masses	  and	   thermal	   resistances,	   (not	  only	  between	  one	  another	   inside	   the	  ampoules,	  but	  
also	  to	  the	  external	  environment,	  i.e.	  the	  iso-­‐thermal	  water	  jacket)	  must	  be	  considered.	  	  To	  
calculate	  the	  values	  of	  these	  parameters,	   lumped	  parameter	  models	  have	  been	  created	  to	  
describe	  the	  environments	  in	  which	  the	  experiments	  for	  calculating	  the	  SAR	  are	  performed.	  	  
The	   Runge	   Kutta	   method	   and	   least	   squares	   analysis	   was	   used	   to	   solve	   the	   ordinary	  
differential	  equations	  created	  in	  each	  lumped	  parameter	  model.	  	  
	  
4.6.1	   	   	  Measurement	  of	  Thermal	  Capacity	  
	  
Thermal	   capacity	   measurements	   of	   both	   the	   sample	   and	   reference	   ampoules	   were	  
performed	  with	   the	   aid	   of	   a	   specially	   designed	   probe	  which	   consisted	   of	   a	   direct-­‐current	  
(DC)	  heating	  coil,	  held	   in	  fixed	  proximity	  to	  a	  thermocouple.	   	  This	  probe	  was	   inserted	   into	  
the	   ampoule	   to	   be	   measured	   and	   the	   whole	   (adiabatic)	   setup	   resided	   inside	   one	   of	   the	  
thermally	  insulated	  pockets.	  	  A	  schematic	  diagram	  and	  photo	  of	  the	  probe	  is	  shown	  below	  in	  
Figure	  4.9.	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Figure	   4.9:	   	   Left:	   Schematic	   diagram	   of	   the	   probe	   designed	   for	   thermal	   capacity	  
measurements	  and,	  right:	  photo	  of	  DC	  heater	  assembly.	  
	  
A	  known	  current	  at	  a	  particular	  voltage	  is	  passed	  through	  the	  heating	  coil	  and	  by	  recording	  
the	  temperature	  rise	  of	  the	  system,	  the	  total	  thermal	  capacity	  of	  the	  ampoule	  (and	  its	  sub-­‐
components)	  can	  be	  calculated.	  	  An	  example	  of	  a	  DC-­‐heating	  curve	  for	  the	  thermal	  capacity	  
measurement	  is	  shown	  below	  in	  Figure	  4.10.	  
	  
Figure	   4.10:	   Example	   DC	   heating	   curve	   of	   a	   typical	   ampoule	   and	   its	   contents	   during	   a	  
thermal	  capacity	  measurement.	  
	  
Close	   examination	   of	   Figure	   4.10	   above	   reveals	   a	   small	   lag	   (indicated	   by	   the	   asterisk)	  
between	   the	   epoch	   of	   the	   DC	   heating	   and	   the	   measured	   temperature	   rise	   by	   the	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thermocouple	  located	  a	  finite	  distance	  away	  from	  the	  DC	  heater.	  	  This	  lag	  is	  modelled	  in	  the	  
lumped	  parameter	  model	  illustrated	  below	  in	  Figure	  4.11.	  
	  
	  
Figure	   4.11:	   Heat	   transfer	  model	   for	   the	   thermal	   capacity	  measurement,	  where	   Ta	   is	   the	  
ambient	  temperature,	  R1a	  is	  the	  thermal	  resistance	  to	  ambient,	  M1	  is	  the	  thermal	  capacity	  of	  
volume	  V1	  (containing	  the	  mass	  of	  the	  DC	  electric	  heater,	  mh,	  mass	  of	  the	  sample	  kms	  and	  
mass	  of	  the	  𝒊𝒕𝒉	  dispersed	  component	  kmi)	  at	  temperature	  T1,	  q	  is	  the	  power	  supplied	  by	  the	  
DC	   electric	   heater,	   R12	   is	   the	   thermal	   resistance	   to	   volume	   V2	   of	   thermal	   capacity	   M2	  
(containing	  the	  mass	  of	   the	  thermocouple,	  mth,	   remaining	  mass	  of	   the	  sample,	   (1-­‐k)ms)	  at	  
temperature	  T2.	  	  	  	  
	   	  
Figure	   4.11	   depicts	   the	   lumped	   parameter	   heat	   transfer	   model	   of	   the	   thermal	   capacity	  
measurement,	   and	   provides	   a	   first	   order	   representation	   of	   the	   delay	   before	   thermal	  
convection	   allows	   heat	   transfer	   from	   the	   heater	   coil	   to	   the	   thermocouple.	   	   The	   delay	   is	  
represented	   by	   the	   thermal	   resistance	   R12	   (K	  W-­‐1)	   between	   the	   thermal	   mass	   of	   system	  
volume	  V1	  and	  thermal	  mass	  of	  system	  volume	  V2.	  	  V1	  contains	  the	  mass	  of	  the	  heater,	  mh,	  
mass	  of	  the	  nanoparticle	  dispersion	  medium,	  ms,	  and	  mass	  of	  the	  𝑖’th	  dispersed	  component,	  𝑚!,	  all	  of	  which	  are	  at	  temperature	  T1.	  	  The	  ratio	  of	  the	  sample	  mass	  in	  V1	  to	  the	  total	  mass	  
of	   the	   system	   is	   given	  by	   the	  mass	   fraction,	  k.	   	   	   The	  power	   input	   to	   the	  heater,	  𝑞,	   stores	  
energy	   in	  V1,	  which	   in	   turn	   transfers	   energy	   to	  V2,	   at	   temperature	  T2,	  which	   contains	   the	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mass	   of	   the	   thermocouple,	  mth,	   creating	   the	   lag	   observed	   experimentally	   in	   Figure	   4.10.	  	  
Additionally,	   there	   is	  a	   thermal	   resistance	   from	  the	  ampoule	   to	   the	  ambient	  environment	  
(Ta)	  denoted	  by	  R1a.	  	  	  
The	   thermal	  capacity	  of	  volume	  V1	   can	  be	  described	  by	   the	   following	  ordinary	  differential	  
equation	  (ODE):	  
𝑀! 𝑑𝑇!𝑑𝑡 =   −    1𝑅!" + 1𝑅!! 𝑇! + 1𝑅!" 𝑇! + 𝑞 + 1𝑅!! 𝑇!	  
Similarly,	  the	  thermal	  capacity	  of	  volume	  V2	  can	  be	  described	  using	  another	  ODE:	  	  𝑀! 𝑑𝑇!𝑑𝑡 =    1𝑅!" 𝑇! − 1𝑅!" 𝑇!	  
The	   model	   given	   by	   the	   two	   ODE’s,	   above,	   is	   fitted	   to	   the	   experimental	   data	   using	   the	  
method	  of	   least	   squares	   to	  obtain	  estimates	  of	   the	  unknown	  parameters	  M1,	  M2,	  R12	   and	  
R1a.	   	  Since	  the	  experimental	  data	   is	  obtained	  by	  sampling	  the	  continuous-­‐time	  signals,	  q(t)	  
and	   T2(t)	   are	   given	   by	   the	   measured	   data	   sequence	   {𝑞 𝑖 ,𝑇!! 𝑖 :  0   ≤ 𝑖 ≤   𝐼},	   where	  𝑡   =   𝑖𝛥𝑡,	   (𝑖	   =	   data	   points)	   and	   the	   sampling	   time	  𝛥𝑡	   is	   small	   enough	   such	   that	   the	   data	  
sequences	  accurately	  represent	  the	  corresponding	  time	  functions.	  	  Assuming	  at	  time	  t	  =	  0,	  
that	  𝑇!(0)   =   𝑇!(0)   =   𝑇!	  then	  for	  given	  values	  of	  M1,	  M2,	  R12	  and	  R1a,	  it	  becomes	  possible	  
to	  evaluate	  𝑇!  (𝑖𝛥𝑡)	   and	  𝑇!(𝑖𝛥𝑡),	   for	   𝑖  𝜖  [0, 𝐼]𝑐,	   using	   the	  above	   two	  ODE’s.	   	  Under	   these	  
conditions,	  the	  least	  squares	  loss	  function,	  J(M1,	  M2,	  R12,R1a)	  is	  defined	  by:	  
𝐽 𝑀!,𝑀!,𝑅!",𝑅!! =    !! (𝑇!! 𝑖 − 𝑇!(𝑖))!!!!! …………..…..Equation	  4.1	  
	  
The	  Excel	  least	  squares	  function	  then	  optimises	  the	  numerical	  values	  of	  𝑀!,	  𝑀!,	  𝑅!"	  and	  𝑅!!	  
until	  a	  minimum	  value	  for	  the	  loss	  function	  is	  obtained.	  	  The	  minimisation	  is	  then	  repeated	  
by	  manually	  changing	  the	  obtained	  values	  of	  𝑀!,	  𝑀!,	  𝑅!"	  and	  𝑅!!	  by	  ±	  100	  %	  	  to	  determine	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if	   the	   calculated	   𝐽	   value	   is	   a	   local	   or	   global	   minimum.	   	   The	   minimum	   value	   of	   the	   loss	  
function	  corresponds	  to	  a	  model	  of	  the	  measured	  experimental	  data,	  and	  has	  outputs	  of	  the	  
values	  of	  M1,	  M2,	  R12	  and	  R1a	  that	  correspond	  to	  the	  best	  fit	  of	  the	  data.	  	  The	  total	  thermal	  
capacity,	  M,	   is	  equal	   to	  M1	  +	  M2,	  so	  as	  a	   result,	   the	   loss	   function	   for	   the	  thermal	  capacity	  
described	  above	  provides	  both	  the	  total	  thermal	  capacity,	  as	  well	  as	  the	  thermal	  resistance	  
to	  ambient,	  𝑅!!.	  	  These	  two	  parameters	  are	  used	  in	  the	  next	  section,	  where	  the	  modelling	  
of	  the	  RF	  heating	  of	  the	  ampoules	  is	  described.	  
	  
4.6.2	  	  	   RF	  Heating	  of	  Sample	  Ampoules	  
	  
Figure	   4.12	   is	   a	   schematic	   depiction	   of	   a	   typical	   sample	   ampoule	   and	   thermocouple	  
arrangement	  placed	  in	  the	  thermal	  insulation	  pockets	  of	  the	  calorimeter,	  and	  exposed	  to	  an	  
external	   RF-­‐AC	   magnetic	   field.	   	   If	   such	   an	   ampoule	   contains	   a	   dispersion	   of	   magnetic	  
nanoparticles,	  then	  the	  RF-­‐AC	  magnetic	  field	  will	  interact	  with	  the	  nanoparticles	  to	  generate	  
heat	  via	  relaxation	  mechanisms,	  and	  the	  heat	  will	  be	  dissipated	  into	  the	  suspension	  medium	  
and	  recorded	  by	  the	  thermocouple.	  	  The	  fact	  that	  the	  thermocouple	  itself	  will	  also	  dissipate	  
heat	  into	  the	  suspension	  medium	  via	  eddy	  current	  heating	  induced	  by	  the	  RF-­‐AC	  magnetic	  
field,	   introducing	   a	   measurement	   artefact	   must	   be	   addressed.	   	   Accordingly,	   a	   lumped	  
parameter	  model	  for	  the	  RF	  heating	  of	  the	  sample	  suspension	  medium	  is	  developed,	  which	  
accounts	  for	  the	  thermocouple	  eddy	  current	  heating.	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Figure	  4.12:	  	  Lumped	  parameter	  model	  including	  thermocouple	  and	  nanoparticles.	  	  
	  
Figure	  4.12	  details	  the	  lumped	  parameter	  model	  for	  the	  RF	  heating	  of	  the	  sample	  ampoule,	  
with	  (a)	  relating	  to	  the	  physical	  arrangement	  of	  sample	  ampoule	  and	  thermocouple	  during	  
RF	  exposure,	  and	  (b)	  relating	  to	  the	  corresponding	  lumped	  parameter	  heat	  transfer	  model	  
for	  RF	  heating	  of	  sample	  ampoule.	  Here,	  Ta	  is	  the	  ambient	  temperature,	  R3a	   is	  the	  thermal	  
resistance	  to	  ambient,	  M3R	  is	  the	  thermal	  capacity	  of	  volume	  V3	  (containing	  the	  mass	  of	  the	  
magnetic	  nanoparticle	  sample,	  ms,	  and	  the	  𝒊𝒕𝒉	  dispersed	  component,	  and	  k	  =	  V3	  /	  V3+V4)	  at	  
temperature	  T3,	  qn	   is	   the	  power	  dissipated	  by	   the	  particles	   into	  volume	  V3,	  which	  crosses	  
thermal	  resistance	  R34	  to	  volume	  V4	  of	  total	  thermal	  capacity	  M4R	  (which	  contains	  the	  mass	  
of	  the	  thermocouple,	  mth,	  and	  mass	  of	  the	  sample	  dispersion	  medium,	  (1-­‐kR)ms,	  and	  the	  𝒊𝒕𝒉	  
dispersed	  component	  (1-­‐kR)mi)	  at	  temperature	  T4,	  which	   is	  subjected	  to	  the	  thermocouple	  
eddy	  current	  heating,	  qth,	  and	  any	  dielectric	  heating	  of	  the	  dispersion	  medium,	  (1-­‐kR)qn.	  
	  
The	  thermocouple	  heating	  due	  to	  eddy	  currents	  is	  initially	  confined	  as	  a	  localised	  thin	  film	  of	  
suspension	  medium	  around	  the	  thermocouple	  wires.	  	  The	  convection	  of	  the	  heated	  fluid	  as	  
it	  rises	  to	  the	  surface	  of	  the	  ampoule	  allows	  thermal	  mixing	  of	  the	  contents	  in	  the	  ampoule,	  
V4	  
V3	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after	   which	   time	   homogeneous	   heating	   of	   the	   ampoule	   occurs.	   	   In	   addition	   to	   the	   eddy	  
current	   heating	   of	   the	   thermocouple,	   the	   nanoparticles	   generate	   heat	   via	   magnetic	  
relaxation.	   	   These	   two	   heating	   effects	   (thermocouple	   and	   nanoparticles)	   result	   in	   the	  
lumped	  parameter	  model	  in	  Figure	  4.12	  (b)	  above.	  	  Volume	  V4	  represents	  the	  thermal	  mass	  
of	   the	   localised	   thin	   film	   of	   heated	   fluid	   around	   the	   thermocouple,	   while	   volume	   𝑉!	  
represents	  the	  thermal	  mass	  of	  the	  remainder	  of	  the	  sample.	   	  The	  thermal	  resistance,	  R34,	  
corresponds	  to	  the	  rate	  at	  which	  heat	  is	  transferred	  from	  V4	  to	  V3,	  and	  is	  the	  rate	  of	  thermal	  
mixing	  of	  the	  sample.	  	  The	  mass	  fraction	  of	  the	  sample	  in	  volume	  V3	   is	  denoted	  by	  kR,	  and	  
qth	  and	  qN	  correspond	  to	  eddy	  current	  energy	  losses	  in	  the	  thermocouple,	  and	  nanoparticle	  
heating	  losses,	  respectively.	  	  Thus,	  the	  energy	  input	  into	  volume	  V3	  is	  kRqN,	  and	  the	  thermal	  
capacity	  of	  volume	  V3	  can	  be	  described	  by	  the	  following	  ordinary	  differential	  equation:	  
𝑀!! 𝑑𝑇!𝑑𝑡 =   −    1𝑅!" + 1𝑅!! 𝑇! + 1𝑅!" 𝑇! + 1𝑅!! 𝑇! +   𝑘!𝑞!(𝑡)	  
Similarly,	  the	  thermal	  mass	  of	  volume	  V4	  can	  be	  defined	  by	  another	  ODE:	  𝑀!! 𝑑𝑇!𝑑𝑡 =   − 1𝑅!" 𝑇! + 1𝑅!" 𝑇! +   𝑞!! 𝑡 +   (1− 𝑘!)𝑞!(𝑡)	  
	  
	  
4.7	  	   	   Calibration	  and	  Measurement	  Procedure	  for	  Calorimeter	  
	  
As	  outlined	  in	  the	  previous	  section,	  the	  RF-­‐AC	  magnetic	  field	  induces	  eddy	  current	  heating	  in	  
the	   thermocouples	   which	   need	   to	   be	   discriminated	   against	   the	   nanoparticle	   heating.	   In	  
theory,	  use	  of	  a	  differential	  thermocouple	  system,	  with	  the	  sample	  thermocouple	  acting	  as	  
the	  hot	  junction,	  and	  the	  reference	  thermocouple	  acting	  as	  the	  cold	  junction,	  can	  eliminate	  
this	  artefact.	   	   In	  this	  regime	  the	  thermocouple	  output	  voltage	  will	  be	  free	  of	  eddy	  current	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artefacts.	  	  Figure	  4.13	  below	  depicts	  the	  alignment	  of	  the	  thermocouples	  to	  cancel	  out	  the	  
eddy	   currents	   in	   each	   thermocouple	   as	   best	   as	   possible.	   	   In	   practice,	   however,	   perfect	  
alignment	  is	  not	  easily	  realisable,	  and	  remnant	  signals	  from	  the	  eddy	  current	  heating	  persist.	  	  
Hence,	  a	  calibration	  procedure	  has	  been	  adopted	  to	  correct	   for	   the	  sample	  thermocouple	  
and	  reference	  thermocouple	  eddy	  current	  effects,	  qS	  and	  qR.	  	  Subsequent	  to	  this	  calibration	  
procedure,	  it	  is	  possible	  to	  separate	  the	  nanoparticle	  heating	  losses,	  qN	  from	  qS	  and	  qR	  and	  
calculate	  the	  SAR	  (Specific	  Absorption	  Rate)	  for	  the	  chosen	  nanoparticles.	  	  	  
	  
	  
Figure	   4.13:	   The	   heights	   of	   the	   thermocouples	   are	   carefully	   adjusted	   such	   that	   the	   net	  
artefact	  imposed	  on	  them	  from	  the	  RF-­‐AC	  magnetic	  field	  is	  minimal	  (𝒒𝑹∗ 	  and	  𝒒𝑺∗ 	  are	  best	  fit	  
values	  derived	  from	  the	  loss	  function).	  	  
	  
Despite	  the	  careful	  alignment	  of	  the	  thermocouples,	  non-­‐equal	  eddy	  current	  heating	  of	  the	  
reference	   thermocouple	   (q*r)	   and	   the	   sample	   thermocouple	   (q*s)	   affect	   the	   observed	  
heating	  of	  the	  nanoparticles	  (Note:	  the	  asterisk	  indicates	  that	  these	  values	  are	  derived	  from	  
the	  loss	  function).	  	  This	  is	  taken	  into	  account	  in	  the	  lumped	  parameter	  model,	  and	  factored	  
into	  the	  SAR	  calculations.	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4.7.1	   	   	  Calibration	  of	  Calorimeter	  
	  
To	   calibrate	   the	   calorimeter	   to	   take	   account	   of	   eddy	   currents	   generated	   in	   the	  
thermocouple	  wires	  as	  a	  result	  of	  the	  applied	  oscillating	  field,	  two	  different	  trials,	  A	  and	  B	  
were	  performed,	  with	  only	  the	  nanoparticle	  dispersant	  medium	  present	  in	  both	  ampoules.	  	  
The	   respective	   thermal	   capacities	   of	   the	   sample	   and	   reference	   ampoules	   are	   denoted	   as	  𝑀!"∗ 	   (x	   =	  A	   or	  B)	   and	  𝑀!"∗ ,	   and	   their	   thermal	   resistances	   as	  𝑅!!"#∗ 	   and	  𝑅!!"#∗ ,	   where	   the	  
asterisk	   signifies	   that	   they	   have	   been	   calculated	   by	   the	   loss	   function	  method	   outlined	   in	  
Section	  4.6.1.	  	  	  
During	  trials	  A	  and	  B,	  the	  thermal	  mass	  of	  the	  reference	  ampoule,	  𝑀!∗ 	  remains	  fixed,	  while	  
the	  sample	  ampoule	  thermal	  capacities	  are	  set	  to	  𝑀!"∗ 	  =	  (1	  -­‐	  𝑘!)  𝑀!∗ 	  and	  𝑀!"∗ 	  =	  (1	  +	  𝑘!)  𝑀!∗ 	  	  
where	  𝑘! 	  =	  0.1,	  which	  represents	  a	  ±10%	  change	  in	  the	  amount	  of	  medium	  in	  the	  sample	  
ampoule,	   	   has	   been	   found	   to	   be	   effective.	   	   Figure	   4.14,	   below,	   illustrates	   the	   lumped	  
parameter	  models	  for	  the	  RF	  heating	  of	  the	  reference	  and	  sample	  ampoules.	  	  Here,	  the	  heat	  
dissipated	  by	  the	  thermocouples,	  qN	  and	  qS	  is	  assumed	  to	  be	  constant.	  
	  
Figure	  4.14:	  Calorimeter	  calibration	  heat	  transfer	  model	  for	  RF	  heating	  of	  sample	  reference	  
ampoules	  for	  trial	  x,	  where	  x	  =	  A	  or	  B.	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Here,	  M1x	  is	  the	  thermal	  capacity	  of	  the	  dispersion	  medium	  of	  the	  sample	  ampoule,	  at	  T1x,	  
which	   possesses	   a	   ‘best-­‐fit’	   thermal	   resistances	  𝑹𝟏𝒂𝑺𝒙∗ 	   to	   Ta	   (ambient	   temperature),	   and	  𝑹𝟏𝟐𝒙	  to	  M4Sx	  which	  contains	  the	  thermal	  capacity	  of	  the	  sample	  thermocouple	  and	  thin	  film	  
of	   dispersion	  medium	  around	   it,	   at	   temperature	   Tsx,	  which	   is	   imposed	  on	   by	   qs,	   the	   eddy	  
current	  heating	  of	  the	  sample	  thermocouple.	   	  M3	  is	  the	  thermal	  capacity	  of	  the	  dispersion	  
medium	  of	  the	  reference	  ampoule,	  at	  T3,	  which	  also	  possesses	  a	  ‘best-­‐fit’	  thermal	  resistance	  𝑹𝟏𝒂𝑹∗ 	   to	   Ta,	   and	   𝑹𝟑𝟒	   to	   M4R	   which	   contains	   the	   thermal	   capacity	   of	   the	   reference	  
thermocouple	   and	   thin	   film	   of	   dispersion	  medium	   around	   it,	   at	   temperature	   TR,	  which	   is	  
imposed	  on	  by	  qR,	  the	  eddy	  current	  heating	  of	  the	  reference	  thermocouple.	  
By	  referring	  to	  the	  ODE’s	  presented	  in	  Section	  4.6.2,	  it	  can	  be	  shown	  for	  trial	  x	  that:	  
	  
(𝑀!"∗ −𝑀!!")𝑑𝑇!!𝑑𝑡 =   −    1𝑅!"! + 1𝑅!!"#∗ 𝑇!! + 1𝑅!"! 𝑇!! + 1𝑅!!"#∗ 𝑇!	  
𝑀!!" 𝑑𝑇!"𝑑𝑡 =   −    1𝑅!"! 𝑇!" + 1𝑅!"! 𝑇!! +   𝑞!	  
(𝑀!∗ −𝑀!!)   𝑑𝑇!𝑑𝑡 =   −    1𝑅!" + 1𝑅!!"∗ 𝑇! + 1𝑅!" 𝑇! + 1𝑅!!"∗ 𝑇!	  
And	  
𝑀!! 𝑑𝑇!𝑑𝑡 =   −    1𝑅!" 𝑇! + 1𝑅!" 𝑇! + 𝑞! 	  
	  
Here,	  the	  initial	  conditions	  are	  assumed	  to	  be	  𝑇!!	  (0)	  =	  𝑇!!  (0)	  =	  𝑇!  (0)	  =  𝑇!   (0)	  =  𝑇!	  and	  the	  
observable	  thermocouple	  output	  temperature	  is	  𝛥𝑇! 𝑡 =   𝑇!" 𝑡 −   𝑇!(𝑡).	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The	  least	  squares	  loss	  function	  for	  trial	  A	  is	  defined	  as	  	  
	  
𝐽! 𝑀!!",𝑅!"!;𝑀!! ,𝑅!", 𝑞!, 𝑞! =    !! (𝛥𝑇!" 𝑖 − 𝛥𝑇!(𝑖))!!!!! 	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  4.2	  
	  
And	  for	  trial	  B	  
𝐽! 𝑀!!" ,𝑅!"!;𝑀!! ,𝑅!", 𝑞!, 𝑞! =    !! (𝛥𝑇!" 𝑖 − 𝛥𝑇!(𝑖))!!!!! 	  	  	  	  	  	  	  	  	  	  	  	  Equation	  4.3	  
	  
	  
Where	  𝛥𝑇!" 𝑖 	  and	  𝛥𝑇!" 𝑖 ,	  𝑖	  =	  	  0,	  1,	  …,	  𝐼	  are	  the	  measured	  temperature	  data	  sequences	  
for	  trials	  A	  and	  B	  respectively.	  	  The	  total	  loss	  function	  𝐽! 	  is	  defined	  as	  
	  
	  𝐽! =    𝐽! + 𝐽!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  4.4	  
	  
Thus,	  the	  loss	  function,	  𝐽!,	  solves	  for	  𝑀!!"∗ ,𝑅!"!∗ ,𝑀!!"∗ ,𝑅!"!∗ ,𝑀!!∗ ,𝑅!"∗ , 𝑞!∗, 𝑞!∗ ,	  where	  the	  last	  
four	  parameters;	  the	  calculated	  total	  thermal	  capacity	  of	  the	  reference	  thermocouple,	  the	  
calculated	   thermal	   resistance	   between	   the	   reference	   thermocouple	   and	   the	   reference	  
dispersion	  medium,	  and	  the	  calculated	  eddy	  current	  heating	  from	  the	  sample	  and	  reference	  
thermocouples,	  are	  required	  for	  the	  following,	  final	  model	  of	  the	  magnetic	  relaxation	  losses	  
of	  the	  nanoparticles,	  𝑞!.	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Figure	  4.15:	  Thermal	  Capacity	  measurements	  for	  the	  sample	  ampoules	  for	  the	  calibration.	  
Reference	   ampoule	   =	   200	   mg	   SPAN85,	   Trial	   A	   =	   180	   mg	   SPAN85	   and	   Trial	   B	   =	   220	   mg	  
SPAN85.	  
	  
As	   can	   be	   seen	   in	   Figure	   4.15,	   the	   three	   increasing	   thermal	   capacities	   of	   each	   ampoule	  
containing	  180,	  200	  and	  220	  mg	  of	  SPAN85	  is	  reflected	  in	  the	  three	  increasing	  gradients	  of	  
the	   curves.	   	   The	   DC	   heater	   was	   switched	   off	   once	   the	   ampoules	   reached	   85	   °C	   to	   avoid	  
unnecessary	  over-­‐heating	  of	  the	  components.	  	  	  	  
	  
Both	  the	  raw	  data	  and	  the	  J	  function	  model	  fit	   for	  the	  RF	  heating	  of	  trials	  A	  and	  B	  for	  the	  
calibration	  procedure	  are	  shown	  below	  in	  Figure	  4.16,	  which	  correspond	  to	  thermal	  masses	  
of	  ±10%	  in	  the	  sample	  ampoule	  (i.e.	  180	  and	  220	  mg	  SPAN85)	  and	  200	  mg	  SPAN85	   in	  the	  
reference	  ampoule.	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Figure	  4.16:	  RF	  heating	  of	  trials	  A	  and	  B	  for	  the	  calibration	  procedure.	  Dots	  are	  raw	  data,	  
continuous	  line	  is	  based	  on	  J-­‐function	  model.	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The	  best-­‐fit	  parameters	  determined	  from	  the	  data	  in	  Figure	  4.16	  are	  presented	  below	  in	  
Table	  4.1.	  
Table	  4.1:	  Thermal	  resistances	  and	  capacities	  of	  reference	  and	  sample	  ampoules.	  
𝑻𝒓𝒊𝒂𝒍𝒙  	   𝒎𝒂𝒔𝒔𝑺𝒂𝒎𝒑𝒍𝒆   𝒎𝒈 𝒔	   Thermal	  
Capacity	  𝑴𝑺𝒙∗ [𝑱 °𝑪]	  
Thermal	  Resistance	  to	  
ambient	  𝑹𝟏𝒂𝑺𝒙∗ [°𝑪 𝑾]	  𝐴	   180.5	   0.393	   216.40	  𝐵	   220.2	   0.470	   	  	  	  	  	  	  	  	  	  	  	  	  	  219.53	  𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  𝐴𝑚𝑝𝑜𝑢𝑙𝑒	   200.3	   0.259	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  223.00	  
	  
The	  data	  listed	  in	  Table	  4.1	  above	  was	  then	  used	  to	  calculate	  𝐽! 	  and	  so	  generate	  the	  outputs	  
listed	  in	  Table	  4.2,	  below.	  
Table	  4.2:	  Estimated	  thermocouple	  heating	  model	  parameters	  from	  trials	  A	  and	  B.	  
Sample	  Eddy	  
Current	  Heating	  
	   𝒒𝑺∗ [𝒎𝑾]	  
Reference	  Eddy	  
Current	  Heating	  
	   𝒒𝑹∗ [𝒎𝑾]	  
Thermal	  
Resistance	  
	   𝑹𝟑𝟒∗ [°𝑪 𝑾]	  
Thermal	  Capacity	  of	  Reference	  
Thermocouple	  and	  surrounding	  
medium	  
	   𝑴𝟒𝑹∗ [𝑱 °𝑪]	  
1.559	   3.228	   170.00	   0.1605	  
	  
The	  different	  eddy	  current	  contribution	  from	  the	  reference	  thermocouple	  compared	  to	  the	  
sample	  thermocouple	  is	  the	  reason	  that	  the	  ΔT	  values	  in	  Figure	  4.17	  are	  negative,	  since	  the	  
reference	  ampoule	  heats	  at	  a	   slightly	   faster	   rate	   than	   the	   sample	  ampoule	  during	   trials	  A	  
and	  B.	  	  	  	  
4.7.2	  	  	  	  	  Nanoparticle	  Heating	  Measurement	  Procedure	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After	  performing	  trials	  A	  and	  B,	  a	  final	  trial,	  C,	  was	  undertaken	  which	  used	  prerequisite	  data	  
from	  trials	  A	  and	  B	  for	  its	  calculation	  and	  interpretation.	  	   In	  trial	  C,	  the	  reference	  ampoule	  
thermal	   capacity	   remained	   as	   it	   did	   previously,	   at	  𝑀!∗ ,	   but	   the	   sample	   ampoule	   now	  was	  
filled	   with	   a	   dispersion	   of	   nanoparticles,	   and	   its	   measured	   total	   thermal	   capacity	   is	  
represented	  by	  𝑀!"∗ .	  	  Figure	  4.17	  below	  illustrates	  the	  lumped	  parameter	  model	  for	  the	  RF	  
heating	  of	  the	  reference	  and	  nanoparticle-­‐containing	  sample	  ampoules.	  
	  
Figure	  4.17:	  Lumped	  parameter	  heating	  model	  of	  the	  reference	  and	  sample	  ampoule	  during	  
RF	  nanoparticle	  heating.	  	  	  
	  
In	  reference	  to	  Figure	  4.17,	  M1C	   is	  the	  thermal	  capacity	  of	  the	  nanoparticles	   in	  the	  sample	  
ampoule,	   at	   temperature	   T1C,	   which	   dissipate	   power,	   knqn,	   which	   crosses	   the	   ‘best-­‐fit’	  
thermal	  resistance,	  𝑹𝟏𝒂𝑺𝑪∗ ,	  to	  the	  ambient	  temperate,	  Ta,	  and	  𝑹𝟏𝟐𝑪	  to	  the	  thermal	  capacity	  
of	  M4SC,	  which	  contains	  the	  mass	  of	  the	  thermocouple	  which	  dissipates	  power	  of	   ‘best-­‐fit’	  
value	  corresponding	  to	  𝒒𝑺∗ ,	  at	  temperature	  TSC,	  and	  experiences	  dielectric	  heating	  from	  the	  
dispersion	  medium,	  (1-­‐kN)qN.	  	  Similarly,	  the	  reference	  ampoule	  contains	  a	  ‘best-­‐fit’	  thermal	  
mass	   of	  𝑴𝟑∗ 	   which	   corresponds	   to	   the	   thermal	   capacity	   of	   the	   dispersion	   medium,	   at	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temperature	   T3,	   which	   has	   ‘best-­‐fit’	   thermal	   resistances	   to	   Ta,	   𝑹𝟏𝒂𝑹∗ ,	   and	   to	   the	  
thermocouple,	  𝑹𝟑𝟒∗ .	   	  The	  thermal	  capacity	  of	  the	  thermocouple	  and	  thin	  film	  of	  dispersion	  
medium	  around	   it,	  corresponds	  to	  𝑴𝟒𝑹∗ ,	  at	   temperature	  TR,	  which	   is	  subject	  to	  heating	  by	  
the	   reference	   thermocouple	  eddy	   currents,	  𝒒𝑹∗ .	   	   	   	   	   Thus,	   Trial	   C	   can	  be	  defined	   (referring	  
back	  to	  the	  ODE’s	  in	  Section	  4.7.1)	  by	  the	  ODE’s:	  
	  
𝑀!"∗ −𝑀!!" 𝑑𝑇!!𝑑𝑡 =   −    1𝑅!"! + 1𝑅!!"#∗ 𝑇!! + 1𝑅!"! 𝑇!! + 1𝑅!!"#∗ 𝑇! + 𝑘!𝑞!	  
𝑀!!" 𝑑𝑇!"𝑑𝑡 =   −    1𝑅!"! 𝑇!" + 1𝑅!"! 𝑇!! +   𝑞!∗ + (1− 𝑘!)𝑞!	  
(𝑀!∗ −𝑀!!)   𝑑𝑇!𝑑𝑡 =   −    1𝑅!"∗ + 1𝑅!!"∗ 𝑇! + 1𝑅!"∗ 𝑇! + 1𝑅!!"∗ 𝑇!	  
And	  
𝑀!!∗ 𝑑𝑇!𝑑𝑡 =   −    1𝑅!"∗ 𝑇! + 1𝑅!"∗ 𝑇! + 𝑞!∗ 	  
	  
Here,	  the	  initial	  conditions	  are	  assumed	  to	  be	  𝑇!! 	  (0)	  =	  𝑇!"   (0)	  =	  𝑇!  (0)	  =  𝑇!   (0)	  =  𝑇!	  and	  the	  
observable	  thermocouple	  output	  temperature	  is	  𝛥𝑇! 𝑡 =   𝑇!" 𝑡 −   𝑇!(𝑡).	  
Thus,	  the	  least	  squares	  loss	  function	  for	  trial	  C,	  is	  defined	  to	  be	  	  
𝐽! 𝑀!!" ,𝑅!"! , 𝑘! , 𝑞! =   12 (𝛥𝑇!" 𝑖 − 𝛥𝑇!(𝑖))!!!!! 	  
Where	  𝛥𝑇!" 𝑖 ,	  𝑖	  =	  	  0,	  1,	  …,	  𝐼	  are	  the	  measured	  temperature	  data	  sequences	  for	  trial	  C.	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The	   output	   of	   the	   above-­‐defined	   loss	   function	   provides	   the	   power	   dissipated	   by	   the	  
nanoparticles,	   in	   the	   form	   of	   heat	   𝑞!∗ .	   	   Finally,	   the	   specific	   absorption	   rate	   of	   the	  
nanoparticles	   in	   the	  RF-­‐AC	  magnetic	   field	  can	  be	  calculated	  by	  dividing	  𝑞!∗ 	  by	   the	  mass	  of	  
the	  nanoparticles,	  𝑚!,	  as	  expressed	  by:	  
𝑆𝐴𝑅 =    !!∗!!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  4.5	  
Because	  this	  corresponds	  to	  the	  power	  dissipated	  as	  heat,	  it	  may	  be	  more	  appropriate	  to	  
define	  this	  quantity	  as	  the	  Specific	  Emissive	  Rate	  (SER),	  meaning	  the	  heat	  energy	  emitted	  
per	  second,	  per	  gram	  of	  nanoparticles,	  which	  would	  seem	  a	  more	  useful	  name	  for	  a	  
parameter	  designed	  to	  indicate	  the	  heat	  output	  during	  a	  magneto-­‐thermal	  procedure.	  
	  
4.8	  	  	   Validation	  of	  Micro-­‐Calorimeter:	  Magnetite	  Calorimetry	  
	  
Following	   the	   detailed	   procedure	   described	   in	   Sections	   4.6	   and	   4.7,	   the	   response	   of	   the	  
micro-­‐calorimeter	   was	   validated	   with	   a	   sample	   of	   commercially	   available	   magnetite	  
nanoparticles	  (purchased	  from	  SkySpring	  Nanomaterials).	  	  	  
	  
4.8.1	  	  	   Thermal	  Capacity	  Measurements	  	  
	  
After	   reaching	   thermal	   equilibrium	   (stabilising)	   at	   ambient	   temperature,	   the	   DC	   heating	  
probe,	  discussed	  in	  Section	  4.6.1	  (Fig.	  4.9)	  was	  inserted	  into	  the	  sample	  ampoule	  (containing	  
magnetite	   dispersed	   in	   SPAN85)	   and	   allowed	   to	   heat	   the	   sample	   while	   simultaneously	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recording	   the	   temperature	   of	   the	   ampoule,	   the	   thermocouple	   output	   of	   which	   is	   shown	  
below	  in	  Figure	  4.18.	  
	  
Figure	  4.18:	  DC	  heating	  measurement	  of	   commercial	  magnetite	   sample	  as	   a	   result	   of	   the	  
heat	   input	  (𝒒)	  discussed	  in	  Section	  4.6.1,	  displaying	  experimentally	  measured	  data	  (hollow	  
squares)	  and	  least	  squares	  model	  of	  data	  (red	  line).	  
	  
From	  the	  model	  of	  the	  data,	  the	  best	  fit	  parameters	  𝑀!∗,𝑀!∗,𝑅!"∗ 	  and	  𝑅!!∗ 	  were	  determined	  
by	  means	  of	  equation	  4.1,	  and	  used	   later	   for	  modelling	  of	   the	  RF	  heating.	   	  The	  values	  are	  
listed	  in	  Table	  4.3	  below.	  
Table	   4.3:	   Calculated	   thermal	   capacities	   and	   thermal	   resistances	   of	   the	   sample	   ampoule	  
containing	  magnetite	  nanoparticles	  and	  SPAN85.	  
𝑴𝟏∗    𝑱°𝑪 	   𝑴𝟐∗   [ 𝑱°𝑪]	   𝑹𝟏𝟐∗     [°𝑪/𝑾]	   𝑹𝟏𝒂∗   [°𝑪/𝑾]	  
0.567162	   0.000608	   14,999.96	   220.8809	  
	  
From	  the	  calibration	  (Section	  4.7.1),	  the	  eddy	  current	  power	  contribution	  from	  the	  sample	  
and	  reference	  thermocouples	  was	  determined	  to	  be	  1.559	  and	  3.228	  mW,	  respectively.	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4.8.2	  	  	   RF	  Heating	  Measurements	  	  
	  
The	  RF	  heating,	  recorded	  in	  triplicate,	  was	  found	  to	  follow	  the	  heating	  trajectory	  illustrated	  
below	  in	  Figure	  4.19.	  
	  
Figure	  4.19:	  RF	  heating	  measurements	  of	  two	  different	  masses	  of	  a	  commercial	  magnetite	  
sample,	  ((a)	  20.3	  mg,	  (b)	  77.9	  mg)	  displaying	  measured	  data	  (squares)	  and	  least	  squares	  
model	  of	  data	  (red	  line).	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The	  initial	  drop	  in	  temperature	  before	  the	  subsequent	   increase	   is	  due	  to	  the	  eddy	  current	  
heating	   of	   the	   reference	   thermocouple	   (which	   dissipates	   3.228	  mW	   during	   RF	   exposure)	  
compared	  to	  the	  eddy	  current	  heating	  induced	  inside	  the	  sample	  ampoule	  (which	  dissipates	  
1.559	  mW	  of	  power	  during	  RF	  exposure),	  before	  the	  heat	  from	  the	  power	  dissipated	  from	  
the	  magnetite	   nanoparticles,	  𝑞!,	   has	   sufficient	   time	   to	   cross	   the	   thermal	   resistance,	  𝑅!",	  
between	  the	  nanoparticles	  and	  the	  sample	  thermocouple.	  
The	  results	  of	  the	  best	  fit	  model	  of	  the	  least	  squares	  loss	  function,	  𝐽,	  (described	  in	  Section	  
4.7.2)	  as	  applied	   to	  measurements	  on	   the	  commercial	  magnetite	  sample	  are	  presented	   in	  
Tables	  4.4	  and	  4.5,	  which	  summarise	  the	  output	  of	  the	  model	  for	  the	  two	  different	  masses	  
of	  the	  commercial	  magnetite	  sample.	  From	  Table	  4.4,	  an	  average	  SAR	  of	  value	  of	  0.55	  ±	  0.1	  
W/g	   was	   obtained	   for	   a	   mass	   of	   20.3	   mg	   of	   magnetite,	   which	   corresponds	   to	   a	   weight	  
percent	  of	  9.1.	  	  
Table	   4.4:	   Power,	   SAR	   and	   Loss	   Function,	   J,	   data	   for	   Magnetite	   (20.3	   mg,	   9.1	   weight	  
percent).	  
Mass	   𝒒𝑵∗ [mW]	   	  𝑺𝑨𝑹	  [W/g]	   𝑱	  
20.3	  mg	   9.44	   0.465	   0.791	  
	   10.26	   0.505	   1.228	  
	   14.08	   0.694	   4.174	  
	  
	  
The	  low	  𝐽	  values	  in	  Table	  4.4	  indicate	  the	  close	  fit	  of	  the	  model	  to	  the	  raw	  data,	  and	  thus	  the	  
SAR	  values	  are	  believed	  to	  be	  genuine	  and	  reliable	  figures.	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The	  RF	  heating	  validation	  of	   the	  commercial	  magnetite	  nanoparticle	  sample	  was	  repeated	  
for	  a	  higher	   loading	  of	  magnetite,	  77.9	  mg	  which	  corresponded	  to	  a	  weight	  percentage	  of	  
27.8	  %.	  	  The	  output	  data	  from	  the	  least	  squares	  loss	  function	  (	  𝐽	  ),	  is	  presented	  in	  Table	  4.5	  
below,	  where	  average	  SAR	  was	  calculated	  to	  be	  0.83	  ±	  0.02	  W/g	  
Table	   4.5:	   Power,	   SAR	   and	   Loss	   Function,	   J,	   data	   for	   Magnetite	   (77.9	   mg,	   28.1	   weight	  
percent).	  
Mass	   𝒒𝑵∗ [mW]	   	  𝑺𝑨𝑹	  [W/g]	   𝑱	  
77.9	  mg	   67.42	   0.866	   6.41	  
	   63.86	   0.820	   29.37	  
	   63.51	   0.815	   21.44	  
	  
Since	  the	  units	  for	  the	  SAR	  value	  are	  independent	  of	  the	  mass	  of	  material	  used	  (i.e.	  the	  units	  
are	  Watts	  per	  gram)	  the	  discrepancy	  between	  the	  SAR	  values	  for	  the	  two	  different	  weight	  
percentages	  of	  magnetite	  may	  seem	  conflicting.	  However,	  it	  has	  been	  shown	  (for	  magnetite	  
nanoparticles)	   that	   the	   influence	   of	   the	   concentration	   of	   the	   nanoparticle	   dispersion	   can	  
affect	  the	  value	  of	  the	  SAR	  obtained	  from	  the	  experiment	  due	  to	  inter-­‐particle	  interactions	  
[28].	  
	  
4.9	  	  	   Discussion	  of	  Calorimeter	  Validation	  
	  
The	   least	   squares	   model	   calculates	   the	   total	   power	   dissipated	   into	   the	   sample	   and	   the	  
lumped	  parameter	   and	   loss	   function	   (	   𝐽	   )	   is	   used	   to	   calculate	  𝑞∗	   and	   then	   the	   SAR	   value,	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which	   are	   presented	   below	   in	   Figure	   4.20	   for	   the	   two	   different	   masses	   of	   magnetite	  
nanoparticles	  studied	  here;	  20	  and	  80	  mg.	  
	  
Figure	   4.20:	   	  Measured	   SAR	   values	   obtained	   from	   J	   function	   for	   commercial	   magnetite	  
nanoparticles.	  	  	  
	  
The	   mean	   SAR	   value	   determined	   using	   the	   apparatus	   detailed	   in	   this	   Chapter,	   and	   data	  
processing	  using	   the	  𝐽	   function,	  gives	  an	  average	  value	  of	  0.69	  ±	  0.07	  W/g	   for	  magnetite,	  
which	   is	   within	   the	   range	   reported	   in	   the	   literature.	   	   For	   example,	   Goya	   et	   al.	   [15]	   who	  
recorded	  SAR	  values	  between	  5	  –	  10	  W	  per	  gram	  of	  magnetite,	  and	  by	  Natividad	  et	  al.	  [29],	  
who	  studied	  the	  power	  dissipation	  from	  magnetite	  at	  a	  similar	  field	  amplitude	  (3.0	  kA/m),	  
but	   lower	   frequency	   (108	  kHz)	  and	  measured	  a	  SAR	  value	  of	  0.025	  W/g,	  but	   substantially	  
lower	   than	   Pineiro-­‐Redondo	   et	   al.	   [28]	   who	   recorded	   a	   value	   of	   around	   30	   W/g	   for	  
magnetite,	   again	   highlighting	   the	   difficulties	   of	   comparing	   SAR	   values	   from	   different	  
experimental	  set	  ups.	  
As	   a	   further	   step	   in	   the	   validation	   of	   the	   calorimeter,	   several	   extra	  masses	   of	  magnetite	  
were	  evaluated	  for	  their	  power	  output	  in	  the	  calorimeter.	  	  It	  is	  interesting	  to	  note	  that	  the	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first	   three	   data	   points	   were	   recorded	   by	   directly	   inserting	   a	   single	   (non-­‐differential)	  
thermocouple	   into	  the	  sample	   immediately	  after	  the	  RF	  magnetic	  field	  had	  been	  switched	  
off	  (after	  10	  minutes	  of	  heating),	  while	  the	  final	  data	  point	  was	  recorded	  via	  the	  differential	  
procedure	  described	  in	  Section	  4.4.3	  This	  is	  shown	  below	  in	  Figure	  4.21.	  
	  
Figure	  4.21:	  Linear	  response	  for	  magnetite	  ΔT	  values	  measured	  at	  different	  masses.	  
Thus,	   from	   Figure	   4.21,	   a	   linear	   response	   from	   the	   calorimeter	   with	   sample	   mass	   is	  
observed,	  with	  an	  r2	  	  >	  0.96	  as	  expected	  from	  the	  equation	  q	  =	  mCpΔT,	  which	  again	  supports	  
the	   integrity	   of	   the	   experimental	   procedure	   and	   the	   validity	   of	   the	   data	   treatment	  
procedure.	  
	  
From	   the	   viscosity	   of	   the	   SPAN85	   employed	   as	   the	   nanoparticle-­‐dispersion	   medium,	  
nanoparticle	  diameter,	  and	  SQUID	  data,	  is	  expected	  that	  the	  Néel	  relaxation	  mechanism	  will	  
be	   the	   dominant	   contributor	   to	   the	   observed	   heating	   effect.	   	   In	   that	   case,	   it	   is	   expected	  
there	   will	   be	   a	   linear	   response	   between	   the	   amount	   of	   magnetic	   nanoparticles	   and	   the	  
R²	  =	  0.96047	  
0	  
2	  
4	  
6	  
8	  
10	  
12	  
14	  
16	  
0	   10	   20	   30	   40	   50	   60	   70	   80	   90	  
ΔT
	  (°
C)
	  
Magnemte	  mass	  (mg)	  
Single	  TC	  method	  
Differenal	  TC	  
method	  
	  
	  
236	  
measured	  temperature	  rise,	  and	  this	  is	  in	  accord	  with	  experimental	  results	  (See	  Figure	  4.22).	  	  
This	  linearity	  in	  the	  Néel	  regime	  can	  be	  explained,	  because,	  if	  Brown	  relaxation	  effects	  were	  
to	  contribute	  any	  significant	  heating,	  the	  effects	  would	  diminish	  when	  highly	  concentrated	  
dispersions	   were	   employed,	   due	   to	   restricted	   rotation	   by	   contact	   with	   the	   nearest	  
neighbour,	  and	  plateau	  would	  be	  observed,	  which	  is	  not	  evident	  from	  Figure	  4.21.	  	  	  
	  
4.10	  Conclusion	  
	  
This	  Chapter	  has	  detailed	  the	   issues	   involved	   in	  recording	  thermal	   (caloric)	  measurements	  
on	   magnetic	   nanoparticles	   in	   RF	   magnetic	   fields,	   it	   has	   addressed	   the	   known	   artefacts	  
involved	  and	  described	  a	  sensitive	  calorimeter	  capable	  of	  recording	  these	  measurements.	  	  A	  
detailed	   procedure	   for	   calibrating	   the	   calorimeter,	   as	   well	   as	   a	   least	   squares	   model	   to	  
interpret	  the	  data	  has	  been	  discussed.	  	  The	  calculated	  values	  required	  to	  model	  the	  power	  
dissipated	  by	   the	  nanoparticles,	  𝑞!∗ 	   has	   been	  obtained	   from	  which	   SAR	   values	   have	  been	  
calculated.	   	   The	  SAR	  values	  determined	   in	   this	  work	  are	  within	   the	   range	   reported	   in	   the	  
literature,	  which	  provides	  support	  for	  the	  measurement	  protocol	  adopted	  in	  this	  study.	  
	  
The	  following	  Chapter	  describes	  the	  evaluation	  of	  the	  calorimeter	  protocol	  to	  the	  evaluation	  
of	  several	  synthetic	  nanoparticles	  based	  on	  Ag	  doped	  FePt	  and	  CoFePt	  alloys.	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CHAPTER	  	  	  	  5	  	   	   	   	  	  
	  
	  
Application	  of	  Micro	  Calorimeter	  to	  Magneto-­‐Thermal	  Heating	  
	  
5.1	  	   Introduction	  
	  
The	  observed	  magneto-­‐thermal	  heating	  of	  magnetic	  nanoparticles,	  arising	  from	  irradiation	  
by	   a	   radio-­‐frequency	   (RF)	   alternating	   current	   (AC)	  magnetic	   field,	   occurs	   due	   to	  Néel	   and	  
Brown	   relaxation	   mechanisms	   (for	   superparamagnetic	   nanoparticles)	   and	   by	   classical	  
hysteresis	  losses	  (for	  ferromagnetic	  nanoparticles),	  as	  described	  in	  detail	  in	  Chapter	  1.	  	  	  
	  
For	   single-­‐domain,	   superparamagnetic	   nanoparticles,	   such	   as	   the	  magnetite	   nanoparticles	  
used	  to	  validate	  the	  micro-­‐calorimeter	   in	  Chapter	  4,	  and	  the	  superparamagnetic	  Ag-­‐doped	  
FePt	   nanoparticles	   discussed	   in	   Chapter	   3	   (Section	   3.2),	   the	   main	   sources	   of	   heating	   in	  
general	   arise	   from	   Néel	   and	   Brown	   relaxation	   mechanisms	   [1],	   	   while	   for	   ferromagnetic	  
nanoparticles,	  such	  as	  the	  weakly	  ferromagnetic	  silver-­‐doped	  (Co80Fe20)50Pt50	  nanoparticles	  
discussed	   in	  Section	  3.3,	  hysteretic	   loss	   is	  generally	  the	  main	  contributor	  to	  the	  SAR	  value	  
[2].	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In	  this	  Chapter,	  the	  heating	  effect	  of	  both	  a	  superparamagnetic	  nanoalloy,	  as	  well	  as	  that	  of	  
a	   weakly	   ferromagnetic	   nanoalloy	   were	   examined	   in	   the	   microcalorimeter	   described	   in	  
Chapter	  4.	  	  The	  apparatus	  was	  previously	  calibrated	  with	  a	  commercial	  superparamagnetic	  
magnetite,	  Fe3O4,	  where	  a	  net	  heating	  effect	  was	  observed,	  and	  expressed	  as	  a	  SAR	  (Specific	  
Absorption	  Ratio)	  value.	  	  
Though	   not	   studied	   in	   any	   further	   detail,	   the	   origin	   of	   the	   power	   output	   from	   the	  
superparamagnetic	   [FePt]93Ag7	   nanoalloy	   was	   deduced	   to	   be	   Néelian,	   since	   rotational	  
contributions	  from	  Brown	  relaxation	  would	  be	  insignificant	  due	  to	  the	  prohibitive	  viscosity	  
of	   the	   SPAN85	   dispersion	   medium.	   	   Likewise,	   the	   weakly	   ferromagnetic	  
[(Co80Fe20)50Pt50]93Ag7	   nanoalloy	  was	   presumed	   to	   dissipate	   heat	   principally	   via	   a	   classical	  
hysteretic	  mechanism	  of	  domain	  wall	  motion	  (described	  in	  more	  detail	  in	  Section	  5.2.1).	  
If	  desired,	  a	  series	  of	  magneto-­‐thermal	  calorimetric	  experiments	  could	  be	  performed	  on	  the	  
same	   nanoparticles	   dispersed	   in	   media	   with	   differing	   viscosities,	   which,	   in	   theory,	   could	  
differentiate	  between	  contributions	  of	  Néel	  and	  Brown	  relaxation.	   	  However,	   it	   is	  possible	  
that	  the	  high	  concentrations	  of	  nanoparticles	  required	  for	  the	  measurements	  (ca.	  30	  %	  w/w)	  
and	  consequent	  nearest-­‐neighbour	  interactions	  would	  hinder	  Brown	  relaxation,	  and	  nullify	  
the	  ability	  to	  distinguish	  between	  Néel,	  Brown	  and	  hysteretic	  heating	  [3].	   	   It	   is	  also	  known	  
that	  dipole	  interactions	  arising	  from	  concentrated	  dispersions	  can	  greatly	  lower	  SAR	  output	  
[4].	  
The	   present	   Chapter	   calculates	   and	   analyses	   the	   SAR	   values	   for	   two	   specially	   selected	  
nanoalloys	   (described	  and	  characterised	   in	  Chapter	  3),	  and	  compares	  their	  properties	  to	  a	  
commercial	  magnetite	  nanoparticle	  sample,	  previously	  described	  in	  Chapter	  4.	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5.2	   Selection	  of	  Nanoalloy	  Particles	  for	  Magneto-­‐Thermal	  Heating	  	  
	  
Following	  from	  the	  validation	  of	  the	  micro-­‐calorimeter	  (Chapter	  4),	  two	  alloys	  were	  chosen	  
that	  were	  believed	  to	  possess	  suitable	  properties	  for	  caloric	  studies	  (based	  on	  the	  detailed	  
study	   in	  Chapter	  3).	   	  The	  magnetic	   susceptibility	  of	  a	  material,	   χ,	   is	  believed	  to	  be	  a	  good	  
indication	  of	  its	  thermal	  response	  to	  an	  RF	  magnetic	  field.	  	  On	  the	  basis	  of	  the	  DC	  magnetic	  
SQUID	  results	  shown	  in	  Figure	  5.1,	  one	  nanoalloy	  was	  selected	  from	  the	  Fe50Pt50	   family	  of	  
alloys	   ([FePt]93Ag7	   annealed	   at	   300	   °C)	   which	   exhibited	   the	   highest	   susceptibility,	   χ,	   and	  
displayed	   only	   superparamagnetic	   behaviour,	  while	   the	   other	   nanoalloy	   of	   highest	   χ,	   this	  
time	   with	   minimal	   coercivity,	   i.e.	   weakly	   ferromagnetic,	   was	   chosen	   from	   the	  
(Co80Fe20)50Pt50family	  of	  alloys	  ([(Co80Fe20)50Pt50]93Ag7	  annealed	  at	  500	  °C).	  	  
	  
Figure	  5.1:	   	  SQUID	  curves	  for	  the	  two	  alloy	  systems	  selected	  for	  thermal	  measurements	  in	  
the	  micro-­‐calorimeter	   and	   commercial	   magnetite.	   (a)	   [FePt]93Ag7	   annealed	   at	   300	   °C,	   (b)	  
[(Co80Fe20)50Pt50]i93Ag7	  annealed	  at	  500	  °C	  and	  (c)	  commercial	  magnetite.	  
	  
The	  binary	  FePt	  alloy	  has	  been	  intensely	  studied	  in	  the	  literature	  due	  to	  the	  high	  magneto-­‐
crystalline	  anisotropy	  of	  its	  L10	  phase	  (7x107	  erg/cm3	  [5])	  and	  consequent	  ferromagnetism,	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while	   the	   A1	   FePt	   phase	   (used	   here),	   having	   negligible	   anisotropy,	   has	   recently	   received	  
much	   attention	   due	   to	   its	   potential	   as	   a	   superparamagnetic	   hyperthermia	   agent.	   	   A	  
comparative	   theoretical	   study	   by	   Maenosono	   et	   al.	   [6]	   which	   assessed	   magnetite,	  
maghemite,	  FeCo,	  and	  both	   the	  L10	  and	  A1	  phases	  of	  FePt,	   concluded	   that	   the	  cubic	   (A1)	  
phase	  of	   FePt	  was	   superior	   in	   terms	  of	   its	   power	  output	   (SAR)	  during	   irradiation	  with	  AC	  
magnetic	   fields.	   	   Thus,	   the	   Ag-­‐doped	   FePt	   nanoalloy	   selected,	   represented	   the	   purest	   A1	  
phase	  of	  FePt	  (i.e.	  with	  no	  L10	  phase	  present)	  with	  the	  highest	  susceptibility	  and	  saturation	  
magnetisation	   in	   all	   the	   FePt	   alloys	   prepared	   and	   characterised	   in	   Section	   3.1,	   and	   was	  
believed	  to	  be	  the	  best	  binary	  alloy	  candidate	  for	  magneto-­‐thermal	  studies	  in	  this	  work.	  
Likewise,	  solid	  solutions	  of	  FePt	  with	  CoPt,	  forming	  L10	  phases	  of	  CoFePt,	  have	  also	  recently	  
garnered	  attention	   [7-­‐9],	   since	   the	  L10	  phase	  of	   the	   ternary	  alloy	  can	  provide	  a	  combined	  
high	  saturation	  magnetisation	  (𝑀!)	  with	  high	  magnetic	  anisotropy	  [7],	  while	  the	  cubic	  phase	  
could	   offer	   promise	   to	   the	   biomedical	   arena	   as	   a	   superpara-­‐	   and	  weak	   ferro-­‐magnet	   for	  
hyperthermia	  studies.	   	  As	  was	  experimentally	  observed	   in	  Section	  3.2,	  Ag-­‐doping	  of	   these	  
solid	   solutions	   resulted	   in	  a	  predominantly	  A1	  unit	   cell	   configuration	  of	   the	  Co,	  Fe	  and	  Pt	  
atoms,	   with	   higher	   values	   of	  𝑀𝑠	   and	   lower	   values	   of	   coercivity	   (𝐻!)	   than	   the	   un-­‐doped	  
nanoalloys	  of	  this	  family,	  making	  these	  nanoalloys	  desirable	  targets	  for	  RF	  magneto-­‐thermal	  
calorimetery.	   	  The	  Ag-­‐doped	   (Co80Fe20)50Pt50	  nanoalloy,	   thus	   represented	  the	   ternary	  alloy	  
that	   contained	   the	   highest	   𝑀𝑠,	   with	   the	   smallest	   𝐻! 	   of	   all	   the	   alloys	   prepared	   and	  
characterised	   in	   Section	   3.2,	   and	  was	   believed	   to	   be	   the	   best	   ternary	   alloy	   candidate	   for	  
magneto-­‐thermal	  studies	  in	  the	  present	  Chapter.	  	  	  	  	  
Alloy	   particles	   were	   selected	   with	   similar	   crystallite	   dimensions	   (whilst	   retaining	   similar	  
behaviour	  in	  SQUID	  curves),	  since	  particle	  volume	  is	  known	  to	  greatly	  affect	  SAR	  results	  [10-­‐
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13]	  due	  to	  the	  dependence	  on	  anisotropy	  and	  saturation	  magnetisation.	  	  Table	  5.1	  contains	  
the	  physical	  properties	  of	  the	  selected	  nanoparticles.	  	  	  
Table	  5.1:	  Physical	  characteristics	  of	  magnetic	  nanoparticles	  studied	  in	  this	  work.	  
Composition	   𝑴𝑺	  
(emu/g)	  
𝑴𝑹	  
(emu/g)	  
𝑯𝑪	  
(kOe)	  
𝑫𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒕𝒆.  	  (𝑿𝑹𝑫)	   𝑫𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆	  (𝑻𝑬𝑴)	   Magnetic	  Domains	   Magnetic	  Susceptibility	  (emu	  g-­‐1	  kOe-­‐1)	  
[FePt93Ag7	  
(Superparamagnetic)	  
22.7	   0	   0	   5	  nm	   5	  –	  6	  nm	   Single	   9.1	  
[(Co80Fe20)50Pt50]93Ag7	  
(Weakly	  ferromagnetic)	  
36.7	   22.2	   1.35	   8	  nm	   10	  –	  20	  
nm	  
Multiple	   Not	  
measurable	  
with	  DC	  
SQUID	  
Magnetite	  
(Superparamagnetic)	  
38.6	   0	   0	   24	  nm	   25	  –	  30	  
nm	  
Single	   52.7	  
	  
It	  will	  be	  noted	  from	  Table	  5.1,	  that	  although	  the	  crystallite	  dimensions	  (as	  calculated	  from	  
the	  XRD	  peak	  broadening	  by	   the	  Scherra	   formula)	   are	   similar	  between	   the	   two	  nanoalloy	  
samples,	   the	   particle	   diameters	   of	   each	   of	   the	   three	   nanoparticle	   populations	   are	  
substantially	  different.	  	  The	  effects	  of	  this	  on	  the	  measured	  SARs	  will	  be	  explored	  in	  further	  
detail	  in	  the	  Discussion	  Section.	  	  
	  
5.3	  	   Behaviour	  of	  Magnetic	  Nanoparticles	  in	  Micro	  Calorimeter	  
	  
5.3.1	   Low-­‐Field	  Behaviour	  of	  Magnetic	  Materials:	  Rayleigh	  Loops	  
	  
As	  discussed	  in	  Section	  4.4.4	  (Radio	  Frequency	  Magnetic	  Field	  Generation)	  the	  field	  strength	  
of	   the	   magnetic	   field	   between	   the	   pole	   faces	   of	   the	   calorimeter	   is	   3.6	   kA/m,	   which	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corresponds	   to	   45	   Oe,	   and	   is	   a	   very	   small	   field	   compared	   to	   those	   used	   in	   the	   SQUID	  
measurements	  (50,000	  Oe	  ≈	  4000	  kA/m).	  	  By	  reference	  to	  Figure	  5.1	  above,	  it	  can	  be	  seen	  
that	   the	   field	   strength	   required	   to	   saturate	   both	   the	   superparamagnetic	   and	   weakly	  
ferromagnetic	   alloys	   is	   roughly	   13,000	  Oe	   (~	   1000	   kA/m)	  which	   clearly	   indicates	   that	   the	  
nanoalloys	   will	   not	   reach	   saturation	   in	   the	   field	   supplied	   by	   the	   calorimeter.	   Hence,	   it	   is	  
necessary	  to	  examine	  their	  behaviour	  in	  the	  low-­‐field	  regime,	  which	  was	  first	  described	  by	  
Lord	  Rayleigh	  in	  1887,	  to	  which	  his	  name	  was	  given	  [14].	  
	  
If	  the	  SQUID	  curves	  depicted	  above	  in	  Figure	  5.1	  are	  expanded	  along	  the	  magnetic	  field	  axis	  
such	  that	  the	  responses	  of	  the	  alloys	  and	  magnetite	  to	  magnetic	  fields	  of	  the	  order	  of	  those	  
supplied	  by	  the	  calorimeter	  become	  visible,	  we	  obtain	  Figure	  5.2,	  below:	  
	  
Figure	  5.2:	  Expanded	  H-­‐axis	  SQUID	  curves	  for	  the	  binary	  alloy	  [FePt]93Ag7	  annealed	  at	  300	  	  ̊C	  
and	  the	  ternary	  alloy	  [(Co80Fe20)50Pt50]93Ag7	  annealed	  at	  500	  	  ̊C	  and	  a	  commercial	  magnetite	  
sample,	  with	  calorimeter-­‐applied	  field	  highlighted	  in	  green.	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As	  a	   result	  of	   the	  non-­‐saturating	  applied	   field	   illustrated	   in	  Figure	  5.2	  above,	   the	  Rayleigh	  
model	   of	   low-­‐field	   magnetisation	   can	   be	   applied	   to	   the	   nanoalloys	   in	   the	   calorimeter.	  	  
Figure	  5.3	  depicts	  the	  magnetisation	  curve	  which	   is	  observed	   in	  the	   low-­‐field,	  or	  Rayleigh,	  
region	  of	  magnetisation	  for	  a	  ferromagnetic	  material.	  
	  
Figure	  5.3:	  	  	  Hysteresis	  loop	  of	  low-­‐field	  amplitude	  in	  the	  Rayleigh	  region.	  
The	  initial	  magnetisation	  curve	  in	  Figure	  5.3	  above,	  proceeding	  from	  the	  origin	  and	  marked	  
by	   a	   ‘→’,	   (i.e.	   when	   a	   d.c.	   field	   is	   first	   applied	   to	   a	   demagnetised	   ferromagnet),	   can	   be	  
represented	  by	  a	  parabola	  with	  an	  equation	  of	  the	  form:	  
𝑀 𝐻 = µμ 0 𝐻 +   𝜈𝐻!	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  5.1	  
According	   to	   Rayleigh	   [14],	   the	   term	   µ(0)H	   represents	   the	   reversible	   change	   in	  
magnetisation	  while	  the	  term	  νH2	  represents	  the	  irreversible	  change	  in	  magnetisation.	  	  The	  
Rayleigh	   law	  also	   indicates	  that	  the	   low-­‐amplitude	  hysteresis	   loops	  can	  be	  represented	  by	  
parabolic	  curves	  which	  have	  a	  reversible	  differential	  permeability	  at	  the	  loop	  tips,	  equal	  to	  
µ(0)	  (see	  Figure	  5.3).	  	  From	  this,	  Rayleigh	  defined	  hysteresis	  loops	  of	  ferromagnets	  operating	  
in	  low-­‐fields	  by	  the	  equation:	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𝑀 = µμ 0 +   𝜈𝐻!   𝐻 ± 0.5𝜈 (𝐻!! − 𝐻!)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  5.2	  
Where	  Hm	   is	   the	  maximum	  field	  at	  the	   loop	  tip,	  and	  ν	   is	  known	  as	  the	  Raleigh	  coefficient.	  	  
The	   +	   or	   -­‐	   signs	   in	   Equation	   5.2	   correspond	   to	   the	   descending	   branch	   (↙	   =	   +)	   or	   the	  
ascending	  branch	  (↗	  =	  -­‐	  )	  of	  Figure	  5.3,	  respectively.	  
	  
5.3.2	   Frequency	  Dependence	  of	  Particle	  Relaxation	  in	  AC	  Magnetic	  
Fields	  
	  
The	   frequency	   dependence	   of	   the	   magnetic	   relaxation	   of	   an	   ensemble	   of	   magnetic	  
nanoparticles	   exposed	   to	   an	   AC	   magnetic	   field	   can	   be	   experimentally	   investigated	   by	  
measuring	  their	  complex	  susceptibility	  spectra	  over	  a	  range	  of	  frequencies	  [15].	   	  Here,	  the	  
complex	   magnetic	   susceptibility,	   at	   frequency,	   𝑓,	   delineates	   into	   the	   real,	   χ’(𝑓),	   and	  
imaginary,	  χ”(𝑓),	  susceptibilities	  according	  to	  Equation	  5.3:	  
χ 𝑓 =   χ′ 𝑓 −   𝑖χ”(𝑓)  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  5.3	  
	  
With	   the	   imaginary	   loss	   peak,	   χ”(𝑓),	   corresponding	   to	   the	   Néel	   or	   Brown	   relaxation	  
frequency,	  depending	  on	  the	  sample,	  and	  which	  usually	  occurs	  in	  the	  MHz	  region	  for	  Néel	  
relaxation.	   	   The	   imaginary	   part	   of	   the	   losses	   may	   be	   related	   to	   the	   magnetic	   relaxation	  
losses	  (of	  Néel	  and	  Brown)	  by	  Equation	  5.4	  [16]:	  	  
χ" 𝑓 =   χ!𝜑/(1+ 𝜑!)    	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  5.4	  
where	   𝜑 = ωτ!,! , and    χ! =   µμ!𝑀!!V/(𝑘𝑇).	   	   When	   𝜑=1,	   the	   frequency	   operates	   at	   the	  
Néel	   (or	   Brown)	   relaxation	   time,	   corresponding	   to	   a	   maximum	   in	   the	   imaginary	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susceptibility	  spectra.	  	  The	  power	  loss,	  𝑃,	  relating	  to	  χ" 𝑓 	  is	  given	  according	  to	  Equation	  5.5	  
[17],	  where	  	  
𝑃 = 𝑓,𝐻 = µμ!πχ"(𝑓)𝐻!𝑓  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  5.5	  
According	   to	   Equations	   5.4	   and	   5.5,	   at	   low	   frequencies,	   (φ<<1),	   i.e.	   in	   the	  
superparamagnetic	  regime,	  a	  square	  dependency	  of	  losses	  on	  frequency	  exists,	  which	  is	  the	  
regime	  adopted	   in	   this	   thesis,	  whereby	   the	  operating	   frequency	  of	   the	  micro-­‐calorimeter,	  
499.5	  kHz,	  is	  below	  the	  expected	  Néel	  relaxation	  frequencies	  (i.e.	  in	  MHz	  range)	  for	  any	  of	  
the	  particles	  investigated	  in	  this	  thesis	  and	  hence	  the	  superparamagnetic	  nanoparticles	  are	  
expected	  to	  generate	  heat	  principally	  via	  the	  Néel	  relaxation	  mechanism.	  
	  
5.4	  	   Sample	  Preparation	  for	  Magneto-­‐Thermal	  Studies	  
	  
A	  known	  mass	  of	  nanoparticles	  (ca.	  80	  mg)	  was	  dispersed	  by	  probe	  sonication	  in	  200	  mg	  of	  
neat	   SPAN85	   (sorbitan	   trioleate).	   	   Sorbitan	   trioleate	   was	   chosen	   as	   the	   dispersing	   agent	  
since	   the	   polar	   head	   group	   of	   the	   amphiphile	   has	   a	   high	   affinity	   for	   the	   polar	   oxidised	  
graphitic	  carbon	  surface	  of	  the	  binary	  and	  ternary	  alloys	  (as	  determined	  by	  zeta	  potential,	  
FTIR	  spectroscopy,	  Raman	  spectroscopy	  and	  contact	  angle	  measurements).	  	  
After	   probe	   sonication	   (5	   minutes)	   the	   dispersed	   nanoparticles	   were	   transferred	   to	   the	  
calorimeter,	  which	  was	  allowed	  to	   thermally	   stabilise	  over	  a	  period	  of	  10	  minutes,	  before	  
measurements	   could	   be	   taken.	   RF	   heating	   measurements	   that	   were	   repeated	   one	   hour	  
after	   the	   initial	   sonication	  of	   the	  dispersions	  were	  similar,	   indicating	   long	   term	  stability	  of	  
the	  dispersions.	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5.5	  	   RF	  Micro	  Calorimetry	  of	  Superparamagnetic	  [FePt]93Ag7	  
Nanoalloy	  Annealed	  at	  300	  	  ̊C	  
	  
Following	   the	   procedure	   described	   in	   Section	   5.4,	   a	   sample	   of	   the	   annealed	   [FePt]93Ag7	  
nanoparticles	   (87.7	  mg)	  was	   thoroughly	  powdered	  using	   an	   agate	  mortar	   and	  pestle,	   and	  
dispersed	  in	  200	  mg	  of	  SPAN85,	  making	  the	  weight	  percentage	  30.6	  %	  w/w,	  similar	  to	  that	  
of	  Rovers	  et	  al.	  [18],	  who	  adopted	  30	  %	  w/w	  of	  magnetite	  in	  poly(methyl	  methacrylate)	  gel.	  	  
This	  ampoule	  was	  designated	  as	  the	  sample	  ampoule,	  and	  its	  thermal	  capacity	  was	  recorded	  
(as	  detailed	  in	  Section	  4.6.1),	  the	  data	  of	  which	  is	  presented	  below	  in	  Figure	  5.4.	  	  This	  was	  
required	   for	   the	   modelling	   of	   the	   SAR	   output	   by	   the	   least	   squares	   lumped	   parameter	  
method	  described	  in	  detail	  in	  Chapter	  4	  (Section	  4.8).	  
	  
Figure	  5.4:	  DC	  heating	  measurement	  of	  selected	  binary	  [FePt]93Ag7	  nanoalloy	  sample,	  with	  
measured	  data	  (hollow	  squares)	  and	  least	  squares	  model	  of	  data	  (red	  line).	  
	  
From	   the	   least	   squares	  model	   of	   the	   data,	   the	   best	   fit	   parameters	  𝑀!∗,𝑀!∗,𝑅!"∗ 	   and	  𝑅!!∗ ,	  
corresponding	   to	   the	   thermal	   capacities	   of	   the	   sample	   ampoule	   containing	   SPAN85	   with	  
dispersed	   nanoalloy,	   not	   including	   the	   thin	   film	   in	   the	   immediate	   vicinity	   of	   the	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thermocouple	   (𝑀!∗),	   and	   the	   thermal	   capacity	   of	   the	   thin	   film	  of	   dispersed	  nanoalloy	   and	  
SPAN85	  around	  the	   thermocouple	   (𝑀!∗),	  and	   the	   thermal	   resistances	  between	  𝑀!∗	  and	  𝑀!∗	  
(𝑅!"∗ ),	   and	   between	   the	   sample	   ampoule	   and	   the	   insulation	   of	   the	   sample	   holder	   (𝑅!!∗ ),	  
were	  determined,	  and	  used	  later	  for	  the	  modelling	  of	  the	  RF	  heating	  as	  described	  in	  Section	  
4.6.2.	   These	   values	   are	   listed	   in	   Table	   5.2	   below	   (refer	   to	   Table	   4.3	   in	   Chapter	   4	   for	   a	  
comparison	  with	  the	  values	  calculated	  for	  the	  commercial	  magnetite	  sample).	  	  	  
Table	   5.2:	   Calculated	   thermal	   capacities	   and	   thermal	   resistances	   of	   the	   sample	   ampoule	  
containing	  the	  [FePt]93Ag7	  nanoparticles	  annealed	  at	  300	  °C.	  	  
	   𝑴𝟏∗   [ 𝑱°𝑪]	   𝑴𝟐∗   [ 𝑱°𝑪]	   𝑹𝟏𝟐∗     [°𝑪/𝑾]	   𝑹𝟏𝒂∗   [°𝑪/𝑾]	  
0.4866	   0.006	   20,521.02	   217.48	  
	  
While	   the	   calculated	   value	   of	   the	   thermal	   resistance	   between	   the	   SPAN85	   and	   the	  
thermocouple	   (𝑅!"∗ )	   might	   seem	   to	   be	   unreasonably	   large,	   it	   should	   be	   noted	   that	   the	  
thermal	   capacity	  of	   the	   thin	   film	  of	  SPAN85	   that	  𝑅!"∗ 	  must	   traverse	   in	  order	   to	  get	   to	   the	  
thermocouple,	   that	   is,	  𝑀!∗,	   is	   sufficiently	   small	   to	  warrant	  such	  a	   large	   thermal	   resistance.	  
Thus,	  the	  values	  calculated	  in	  Table	  5.2	  for	  the	  thermal	  capacity	  of	  the	  reference	  ampoule	  
containing	  the	  [FePt]93Ag7	  nanoparticles	  are	  believed	  to	  be	  accurate	  representations	  of	  the	  
physical	  system.	  	  Furthermore,	  if	  the	  values	  of	  𝑀!∗	  and	  𝑅!"∗ 	  did	  not	  accurately	  reflect	  the	  true	  
system,	   the	  model	  would	  not	  contain	   the	   ‘delay’	   in	  heating	  which	   is	  observed	  near	   t	  =	  30	  
seconds	   in	   Figure	   5.4.	   	   For	   clarity,	   this	   data	   is	   shown	   again,	   with	   the	   region	   of	   interest	  
highlighted	  in	  Figure	  5.5,	  below.	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Figure	   5.5:	   DC	   heating	   curve	   of	   sample	   ampoule	   containing	   selected	   binary	   [FePt]93Ag7	  
nanoalloy	  sample	  from	  Figure	  5.4	  expanded	  to	  show	  heating	   lag,	  characterised	  by	  𝑀!∗	  and	  𝑅!"∗ .	  
	  
Following	   the	   DC	   heating	   measurement	   of	   the	   [FePt]93Ag7	   nanoparticles	   dispersed	   in	  
SPAN85,	   the	  sample	  ampoule	  was	   inserted	   into	  the	  micro-­‐calorimeter	  housing	   (where	  the	  
sample	   thermocouple	   was	   connected	   in	   series	   to	   the	   reference	   thermocouple	   in	   the	  
reference	  ampoule,	  containing	  only	  the	  SPAN85	  dispersion	  medium),	  and	  irradiated	  by	  the	  
RF	  AC	  magnetic	  field	  to	  record	  the	  magnetic	  losses	  dissipated	  as	  heat	  by	  the	  nanoparticles.	  	  
These	  measurements	  were	  performed	  in	  triplicate,	  and	  found	  to	  follow	  the	  typical	  heating	  
trajectory	  illustrated	  below	  in	  Figure	  5.6.	  
	  
Figure	   5.6:	   RF	   heating	   measurement	   of	   the	   selected	   doped	   binary	   [FePt]93Ag7	   nanoalloy	  
sample	  displaying	  measured	  data	  (squares)	  and	  least	  squares	  model	  of	  data	  (red	  line).	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Figure	  5.6	  provides	  the	  temperature	  elevation	  caused	  by	  the	  RF	  heating	  of	  the	  [FePt]93Ag7	  
nanoalloy	  particles.	  	  The	  modelled	  curve,	  (solid	  line	  in	  Figure	  5.6)	  was	  derived	  from	  the	  least	  
squares	  𝐽	  function	  developed	  in	  Chapter	  4,	  as	  well	  as	  the	  calculated	  thermal	  capacities	  and	  
resistances	  presented	  in	  Table	  5.2	  from	  the	  DC	  heating,	  from	  which	  the	  results	  of	  the	  best	  fit	  
model	  are	  presented	  below,	  in	  Table	  5.3.	  
Table	   5.3:	   Power,	   SAR	   and	   Loss	   Function,	   𝐽,	   data	   for	   the	   superparamagnetic	   [FePt]93Ag7	  
nanoalloy	  dispersed	  in	  SPAN85	  (87.7	  mg,	  30.6	  %	  w/w).	  
	   𝒒𝑵∗   [mW]	   	  𝑺𝑨𝑹	  [W/g]	   𝑱	  
10.59	   0.12	  	   2.13	  	  
12.20	   0.14	  	  	   1.35	  	  
13.04	  	   0.15	   2.49	  	  
	  
Thus,	  from	  Table	  5.3,	  the	  average	  SAR,	  Specific	  Absorption	  Rate,	  (or	  Specific	  Emission	  Rate)	  
for	  the	  superparamagnetic	  alloy	  is	  0.14	  ±	  0.02	  W/g.	  	  To	  the	  author’s	  knowledge,	  and	  at	  the	  
time	  of	  writing,	  no	  experimentally	  determined	  SAR	  values	  for	  FePt	  nanoparticles	  have	  been	  
reported	   in	  the	   literature,	  and	  although	  theoretical	  modelling	  has	  been	  described	  [12],	  no	  
theoretical	   SAR	  has	   been	   calculated.	   	   These	   SAR	   values	  were	   recorded	  under	   the	   specific	  
experimental	   conditions	   detailed	   above,	   and	   the	   effects	   of	   these	   conditions	   on	   the	   SAR	  
values	  will	  be	  further	  elaborated	  in	  the	  Discussion	  Section.	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5.6	  	   RF	   Micro	   Calorimetry	   of	   the	   Weakly	   Ferromagnetic	  
[(Co80Fe20)50Pt50]93Ag7	  Nanoalloy	  annealed	  at	  500	  	  ̊C	  
	  
Following	   the	   sample	   preparation	   procedure	   described	   in	   Section	   5.4,	   a	   new	   sample	  
ampoule	  was	   prepared,	   containing	   the	   annealed	   [(Co0.8Fe0.2)0.5Pt0.5]0.93Ag0.07	   nanoparticles	  
(92.5	   mg),	   thoroughly	   powdered	   and	   dispersed	   in	   200	   mg	   of	   SPAN85,	   making	   the	  
concentration	  30.0	  %	  w/w.	  	  The	  thermal	  capacity	  of	  the	  ampoule	  was	  measured	  as	  before,	  
using	  the	  DC	  electric	  heating	  probe,	  and	  the	  results	  of	   the	  thermal	  capacity	  measurement	  
are	  given	  below	  in	  Figure	  5.7.	  	  
	  
Figure	  5.7:	  DC	  heating	  measurement	  of	  the	  selected	  doped	  ternary	  alloy	  sample	  of	  formula	  
[(Co80Fe20)50Pt50]93Ag7	  displaying	  measured	  data	  (hollow	  squares)	  and	  least	  squares	  model	  of	  
data	  (red	  line).	  
	  
Applying	  the	  least	  squares	  loss	  function,	  𝐽,	  (Equation	  4.1)	  to	  the	  measured	  DC	  heating	  data	  
from	   Figure	   5.7,	   the	   best	   fit	   parameters	   𝑀!∗,𝑀!∗,𝑅!"∗ 	   and	   𝑅!!∗ 	   were	   determined	   (and	  
correspond	   to	   the	   thermal	   capacities	   of	   the	   sample	   ampoule	   containing	   SPAN85	   with	  
dispersed	   nanoalloy,	   not	   including	   the	   thin	   film	   in	   the	   immediate	   vicinity	   of	   the	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thermocouple	   (𝑀!∗),	   and	   the	   thermal	   capacity	   of	   the	   thin	   film	  of	   dispersed	  nanoalloy	   and	  
SPAN85	  around	  the	   thermocouple	   (𝑀!∗),	  and	   the	   thermal	   resistances	  between	  𝑀!∗	  and	  𝑀!∗	  
(𝑅!"∗ ),	  and	  between	  the	  sample	  ampoule	  and	  the	  insulation	  of	  the	  sample	  holder	  (𝑅!!∗ ),	  and	  
used	  later	  to	  model	  the	  RF	  heating.	  	  These	  values	  are	  listed	  in	  Table	  5.4	  below.	  	  	  
	  
Table	   5.4:	   Calculated	   thermal	   capacities	   and	   thermal	   resistances	   of	   the	   sample	   ampoule	  
containing	  the	  [(Co80Fe20)50Pt50]93Ag7	  nanoparticles	  annealed	  at	  500	  °C.	  	  
	   𝑴𝟏∗   [ 𝑱°𝑪]	   𝑴𝟐∗   [ 𝑱°𝑪]	   𝑹𝟏𝟐∗     [°𝑪/𝑾]	   𝑹𝟏𝒂∗   [°𝑪/𝑾]	  
0.5988	   0.0005	   20,521.02	   219.6668	  
	  
As	  before	  (see	  Table	  5.2)	  the	  large	  value	  for	  the	  thermal	  resistance,	  𝑅!"∗ ,	  is	  accommodated	  
by	  the	  low	  thermal	  capacity,	  𝑀!∗,	  that	  it	  must	  traverse.	  
	  
The	  thermocouple	  of	  the	  sample	  ampoule,	  which	  contained	  the	  ferromagnetic,	  Ag-­‐stabilised	  
A1	  (major)	  phase,	  and	  L10	   (minor)	  phase	  of	   the	  solid	  solution	  ternary	  nanoalloy,	  was	  then	  
connected	   to	   the	   thermocouple	   of	   the	   reference	   ampoule	   (in	   series),	   inserted	   into	   the	  
calorimeter	  housing,	  and	  exposed	  to	  the	  RF	  field	  to	  record	  the	  SAR	  of	  the	  nanocrystals.	  	  The	  
measurements	  were	  recorded	  in	  triplicate,	  and	  were	  observed	  to	  follow	  the	  typical	  heating	  
trajectory	  illustrated	  below	  in	  Figure	  5.8.	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Figure	   5.8:	   RF	   heating	   measurement	   of	   [(Co80Fe20)50Pt50]93Ag7	   nanoalloy	   displaying	  
measured	  data	  (squares)	  and	  least	  squares	  model	  of	  data	  (red	  line).	  
	  
The	   modelled	   data	   from	   Figure	   5.8	   (solid	   line)	   was	   obtained	   by	   application	   of	   the	   least	  
squares	   best	   fit	   of	   the	   loss	   function,	   𝐽,	   of	   the	   lumped	   parameter	   model,	   (described	   in	  
Section	   4.6.2)	   for	   the	   weakly	   ferromagnetic	   [(Co0.8Fe0.2)0.5Pt0.5]0.93Ag0.07	   alloy,	   and	   are	  
summarised	  in	  Table	  5.5.	  	  
Table	   5.5:	   Power,	   SAR	   and	   Loss	   Function,	   J,	   data	   for	   the	   weakly	   ferromagnetic	  
[(Co80Fe20)50Pt50]93Ag7	  (92.5	  mg,	  30.0	  %	  w/w).	  
	   𝒒𝑵∗ [mW]	   𝑺𝑨𝑹	  [W/g]	   𝑱	  
11.82	   0.13	   1.94	  
12.87	   0.14	   1.14	  
12.27	   0.13	   2.19	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Thus,	   the	   average	   SAR,	   Specific	  Absorption	  Rate,	   (or	   Specific	  Emissive	  Rate,	   SER)	   =	   0.13	  ±	  
0.01	  W/g,	   which	   is	   very	   similar	   to	   the	   average	   SAR	   obtained	   for	   the	   superparamagnetic	  
binary	  alloy	  studied	  in	  the	  previous	  Section	  (5.5).	  	  This	  is	  similar	  to	  the	  results	  of	  Hiergeist	  et	  
al.	   [1],	  who	  compared	   the	  SARs	  of	   superparamagnetic	  and	   ferromagnetic	  nanoparticles	  of	  
iron	  oxide,	  and	  observed	  that	  comparable	  heating	  effects	  were	  obtained	  from	  both	  species.	  	  
This	  study	  by	  Hiergeist	  et	  al.	  is	  returned	  to	  in	  the	  Discussion	  Section.	  	  
	  
	  
5.7	  	   Alternate	  Method	  of	  SAR	  Evaluation	  based	  on	  Initial	  Slope	  	  	  	  	  	  	  	  	  	  	  	  	  
(	  𝜟𝑻/𝜟𝒕  )	  of	  Temperature-­‐Time	  Plots	    
	  
In	  addition	  to	  Equation	  4.5	  for	  the	  calculation	  of	  the	  SAR,	  namely,	  𝑆𝐴𝑅 =    !!∗!!,	  some	  workers	  
(Rovers	   et	   al.	   [18],	   Lima	  et	   al.	   [19]	   and	  Hilger	   et	   al.	   [20]	   to	  name	  a	   few)	  utilize	   the	   initial	  
gradient	  (ΔT/Δt)	  of	  the	  RF	  heating	  curves	  or	  the	  nanoparticles	  in	  order	  to	  calculate	  the	  SAR	  
of	   a	   given	   nanoparticle	   population.	   	   Usually,	   the	   initial	   gradient	   of	   the	   temperature-­‐time	  
curve,	  or	  rather,	   the	  point	  of	  maximum	  gradient	   is	  used	  to	  obtain	  the	  value	  of	  ΔT/Δt,	  and	  
the	  resultant	  SAR	  value	  is	  defined	  as:	  
𝑆𝐴𝑅 =    !"!" !""!∗! 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  5.6	  
	  
Where	  𝑀∗	  is	  the	  thermal	  capacity	  of	  the	  sample	  ampoule	  calculated	  in	  the	  previous	  section,	  
and	  𝑥	   is	  the	  weight	  fraction	  (%	  w/w)	  of	  nanoparticles	  in	  the	  ampoule.	  	  This	  calculation	  has	  
been	  applied	  to	  the	  results	  from	  the	  current	  experiments	  (Sections	  5.5	  and	  5.6)	  and	  these	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values	  are	  shown	  in	  the	  column	  headed	  “SAR	  (dT/dt)”	   in	  Table	  5.8.	   	   It	   is	  also	  to	  be	  noted,	  
that	  neither	  Rovers,	  Lima	  nor	  Hilger	  et	  al.	  [18-­‐20]	  measured	  the	  value	  of	  	  𝑀∗	  experimentally,	  
relying	   instead	   on	   literature	   values	   for	   the	   dispersant	  medium	   and	   nanoparticle	   content,	  
which,	   among	   errors	   involved	   in	   the	   accurate	   determination	   of	   the	   initial	   gradient	   of	  
(ΔT/Δt),	  is	  believed	  to	  contribute	  to	  the	  differences	  in	  SAR	  values	  obtained	  via	  each	  of	  these	  
two	  methods	  described	  in	  this	  Chapter.	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Table	  5.6:	  Thermal	  Parameters	  of	  the	  magnetic	  nanoparticles	  studied	  in	  this	  work.	  
𝑴𝒂𝒈𝒏𝒆𝒕𝒊𝒄  𝑵𝒂𝒏𝒐𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆	   𝜟𝑻(°𝑪)	   𝜟𝑻/𝜟𝒕	   𝑴∗  [𝑱/°𝑪]	   Particle	  Loading  (𝒘𝒕%)	   𝑺𝑨𝑹  	  (𝒅𝑻 𝒅𝒕)	  
[W/g]	  
𝑺𝑨𝑹	  (𝑳𝒐𝒔𝒔  𝑭𝒄𝒏  𝑱)	  
[W/g]	  
SAR/𝑯𝟐𝒇 	  
[21]	  
(nHm2Kg-­‐1)	  
(Intrinsic	  Loss)	  
Power	  (1010x)	  
[FePt]93Ag7	   1.69	   0.0469	   13.0968	   30.55	   2.67	   0.12	  
0.187	  
	  	   2.02	   0.0325	   13.0968	   30.55	   1.85	   0.14	  
0.218	  
	  	   1.47	   0.0328	   13.0968	   30.55	   1.87	   0.15	  
0.234	  
[(Co80Fe20)50Pt50]93Ag7	   2.10	   0.0249	   15.8712	   29.99	   1.75	   0.13	  
0.203	  
	  	   2.11	   0.0237	   15.8712	   29.99	   2.08	   0.14	  
0.218	  
	  	   2.37	   0.0295	   15.8712	   29.99	   1.67	   0.13	  
0.203	  
Magnetite	  	   1.80	   0.009	   14.69	   9.11	   1.45	   0.47	  
0.725	  
	   1.62	   0.0088	   14.69	   9.11	   1.42	   0.51	  
0.787	  
	   1.52	   0.0076	   14.69	   9.11	   1.23	   0.69	  
1.082	  
Magnetite	  	   12.40	   0.0761	   14.69	   27.81	   4.02	   0.87	  
1.35	  
	   12.79	   0.0915	   14.69	   27.81	   4.83	   0.82	  
1.28	  
	   12.52	   0.0763	   14.69	   27.81	   4.03	   0.82	  
1.27	  
Magnetite	  from	  [18]	   	   	   	   	   2.94	   	  
4.58	  
Magnetite	  from	  [22]	   	   	   	   	   3	   	  
4.68	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Table	  5.6	  compares	  the	  calculated	  parameters	  relating	  to	  the	  RF	  heating	  of	  the	  two	  selected	  
alloy	   compositions	   to	   a	   commercial	   magnetite	   sample	   that	   was	   used	   to	   validate	   the	  
calorimeter,	  as	  well	  as	  two	  literature	  values	  for	  magnetite.	  	  As	  can	  be	  seen	  in	  Table	  5.6,	  both	  
the	  least	  squares	  loss	  function	  (𝐽)	  and	  initial	  slope	  (ΔT/Δt)	  method	  yield	  conflicting	  values	  for	  
the	  SAR	  of	  each	  of	  the	  alloy	  samples	  characterised	  by	  the	  micro-­‐calorimeter.	  	  This	  difference	  
between	  the	  two	  methods	  for	  obtaining	  the	  SAR	  is	  presented	  below	  in	  Figure	  5.9.	  
	  
Figure	  5.9:	  Comparison	  of	  the	  measured	  SAR	  values	  for	  the	  two	  nanoalloys	  ([FePt]93Ag7	  and	  
[(Co80Fe20)50Pt50]93Ag7)	  by	  the	  two	  methods	  (J	  function	  and	  initial	  slope)	  described	  above.	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As	   can	   be	   seen	   in	   Figure	   5.9,	   there	   is	   considerable	   disagreement	   between	   the	   SAR	  
calculations	  based	  on	  Equations	  4.9	  and	  5.6	  for	  both	  alloys.	  	  In	  this	  instance,	  the	  heat	  energy	  
emitted	  by	  each	  alloy	   is	  similar,	   regardless	  of	  the	  method	  used	  to	  determine	  the	  SAR;	  the	  
only	  difference	  being	  the	  magnitude	  of	  the	  value	  obtained.	  	  The	  results	  from	  the	  𝐽	  function	  
analysis	  are	  believed	  to	  be	  the	  more	  accurate,	  since	  the	  lumped	  parameter	  model	  accounts	  
for	  artefacts	  such	  as	  thermocouple	  self	  heating	  and	  heat	   loss	  to	  the	  external	  environment	  
(see	  Chapter	  4).	   	  Moreover,	   it	   uses	  an	  experimentally	  derived	   thermal	   capacity,	   and	  does	  
not	   contain	   the	   subjective	   error	   [23-­‐24]	   associated	  with	   choosing	   the	   correct	   location	   to	  
calculate	  the	  gradient	  of	  the	  heating	  curve	  that	  the	  ΔT/Δt	  method	  contains.	  	  
When	  applying	  the	  ΔT/Δt	  method	  of	  Equation	  5.6	  to	  the	  data	  from	  the	  two	  different	  masses	  
of	  magnetite	   from	  Chapter	   4	   (ca.	   20	  mg	   and	   ca.	   80	  mg),	   and	   comparing	   this	   to	   the	   least	  
squares,	  𝐽	  function	  approach	  developed	  here,	  the	  ΔT/Δt	  method	  predicts	  two	  very	  different	  
average	   values	   for	   the	   SAR	   depending	   on	   the	   mass	   of	   magnetite,	   whilst	   the	   𝐽	   function	  
technique	  predicts	  two	  SAR	  values	  which	  are	  very	  similar,	  as	  illustrated	  in	  Figure	  5.10.	  	  It	  is	  
to	  be	  noted	   that	   the	  units	   of	   SAR,	  W/g,	   are	  mass	   independent,	   and	   thus	   should	  not	   vary	  
greatly	  with	  concentration,	  except	  where	  excessive	  particle	  concentration	  influences	  inter-­‐
particle	  interactions	  [3-­‐4].	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Figure	   5.10:	   	   Differences	   between	   magnetite	   SAR	   values	   obtained	   from	   the	   two	   SAR	  
evaluation	  methods	  (𝐽	  function	  vs.	  ΔT/Δt)	  for	  two	  different	  masses	  of	  nanoparticle	  sample.	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  Indeed,	   the	   gross	   temperature	   elevations	   per	   unit	   mass	   (see	   Table	   5.7)	   of	   the	   two	  
magnetite	  samples	  (Chapter	  4)	  were	  larger	  than	  the	  temperature	  elevations	  per	  unit	  mass	  
from	  the	  two	  nanoalloy	  samples,	  yet	  the	  initial	  slope	  (ΔT/Δt)	  method	  predicted	  similar	  SAR	  
values	   across	   the	   entire	   set	   of	  magnetic	   nanoparticles.	   This	   clearly	   shows	   that	   the	   ΔT/Δt	  
method	   is	   not	   as	   sensitive	   as	   the	   𝐽-­‐function	   technique	   adopted	   in	   this	   thesis,	   and	   also	  
indicates	   that	   it	   cannot	   distinguish	   between	   magnetic	   materials	   of	   different	   magnetic	  
susceptibility,	   χ,	   such	   as	   the	   two	   different	   superparamagnetic	   particles	   studied	   here.	   The	  
mean	  SAR	  values	  derived	  from	  the	  ΔT/Δt	  method	  are	  compared	  to	  those	  obtained	  via	  the	  𝐽-­‐
function	  technique	  in	  Table	  5.7,	  where	  it	  will	  be	  noted	  that	  the	  stark	  differences	  in	  the	  heat	  
per	  unit	  mass	  of	  nanoparticles	  are	  not	  reflected	  in	  the	  SAR	  values	  derived	  from	  the	  slope	  of	  
ΔT/Δt.	  	  	  
Table	   5.7:	   Comparison	   of	   SAR	   values	   derived	   from	   the	   ΔT/Δt	   method	   and	   𝐽-­‐function	  
method,	  compared	  to	  the	  raw	  temperature	  elevation	  per	  unit	  mass	  for	  each	  of	  the	  magnetic	  
nanoparticles	  ensembles	  studied	  in	  this	  thesis.	  	  	  
Nanoparticle	   ΔT/Δt	  SAR	  	  	  	  
(W/g)	  
𝑱-­‐function	  SAR	  	  	  	  
(W/g)	  
ΔT/g	  	  	  	  	  
(°C/g)	  
𝝌	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(emu	  g-­‐1	  kOe-­‐1)	  
[FePt]93Ag7	   2.1	  ±	  0.4	   0.13	  ±	  0.02	   19.7	   9.1	  
[(Co80Fe20)50Pt50]93A
g07	  
1.8	  ±	  0.2	   0.14	  ±	  0.01	   23.7	   Ferromagneti
c	  
Fe3O4	  (20	  mg)	  
Magnetite	  
1.4	  ±	  0.1	   0.56	  ±	  0.12	   81.1	   52.7	  
Fe3O4	  (80	  mg)	  
Magnetite	  
4.3	  ±	  0.4	   0.83	  ±	  0.03	   161.4	   52.7	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Also	  evident	  in	  Table	  5.9,	  is	  that	  the	  SAR	  values	  derived	  from	  the	  𝐽	  function	  are	  comparable	  
to	   the	   SAR	   values	   reported	   in	   the	   literature	   for	   magnetite	   (no	   SAR	   values	   have	   been	  
reported	  for	  the	  alloys	  prepared	  in	  this	  Thesis),	  and,	  more	  importantly,	  are	  consistent	  with	  
the	  observed	  raw	  temperature	  rises,	  unlike	  the	  ΔT/Δt	  method.	  
5.8	  	   	   Discussion	  
Since	   the	   SAR	   values	   for	   the	   two	   carefully	   selected	   nanoalloys	   were	   experimentally	  
determined	  to	  be	  almost	  identical,	  despite	  differences	  in	  elemental	  composition,	  crystalline	  
phases,	   crystallite	   and	  particle	   size,	   saturation	  magnetisation	   and	  proposed	  origins	   of	   the	  
dissipated	  power,	   a	  detailed	  discussion	  of	   the	   relative	   importance	  of	   these	   factors	   is	  now	  
presented.	  
5.8.1	   	   	  Effect	  of	  Saturation	  Magnetisation	  on	  SAR	  
While	   Zhao	   et	   al.	   [29]	   have	   demonstrated	   	   a	   positive,	   linear	   relationship	   between	   the	  
saturation	   magnetisation,	   𝑀!,	   and	   the	   measured	   loss	   power	   for	   a	   selection	   of	   weakly	  
ferromagnetic	  iron	  oxide	  nanoparticles,	  (0	  <	  𝐻! 	  189	  Oe)	  of	  about	  30	  nm	  average	  diameter,	  
this	   does	   not	   necessitate	   the	   same	   relationship	   between	  𝑀!	   and	   the	   measured	   losses	  
studied	   in	   this	   Chapter.	   	   Indeed,	   Simeonidis	   et	   al.	   [30]	   observed	  𝑀!	   to	   not	   be	   the	   only	  
parameter	   affecting	   the	   loss	   power	   of	   magnetic	   nanoparticles,	   with	   it	   also	   being	   heavily	  
dependant	  on	  𝐻! 	   and	  𝑀!,	   for	  weakly	   ferromagnetic	  nanoparticles.	   	   If	   this	  were	   the	   case,	  
where	  𝑀!,𝑀! ,𝐻! 	   and	  particle	   size	  each	  had	   linear	  and	  almost	  equal	   contributions	   to	   the	  
overall	   SAR	   measured	   for	   nanoparticles,	   then	   the	   near	   identical	   SARs	   of	   the	   binary	   and	  
ternary	   alloys	   studied	  here	  would	   be	  difficult	   to	   explain.	   	  However,	   Simeonidis	   et	   al.	   [30]	  
demonstrated	  that	  the	  low-­‐field	  behaviour	  of	  the	  nanoparticles	  is	  crucial	  for	  understanding	  
their	  power-­‐losses.	  	  For	  nanoparticles	  of	  similar	  sizes	  (ca.	  80	  nm)	  but	  differing	  𝑀!,	  it	  was	  the	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particles	  with	  lower	  saturation,	  and	  lower	  coercivity	  that	  dissipated	  losses	  nearly	  an	  order	  of	  
magnitude	   greater,	   which	   the	   authors	   interpreted	   as	   arising	   from	   the	   available	   AC	  
calorimeter	   field	   not	   being	   capable	   of	   transferring	   maximum	   heating	   power	   to	   the	  
dispersion	   of	   nanoparticles,	   which	   is	   the	   same	   as	   the	   observations	   made	   on	   the	   weakly	  
ferromagnetic	  ternary	  nanoparticles	  in	  this	  Chapter.	  	  	  	  	  
5.8.2	   	   	  Effect	  of	  Particle	  Volume	  on	  SAR	  
Particle	   volume,	   as	   well	   as	   the	   particle	   size	   distribution	   (i.e.	   a	   narrow	   or	   broad	   size	  
distribution),	   is	   known	   to	   influence	   the	   power	   output	   of	   nanoparticles	   in	   RF	   calorimetry	  
measurements,	  and	  this	  can	  be	  seen	  theoretically	  by	  the	  volume	  dependence	  of	  equations	  
1.10	  and	  1.11,	  and	  has	  been	  shown	  experimentally,	  for	  example	  by	  the	  work	  of	  Hergt	  et	  al.	  
[31-­‐32].	  	  Dutz	  et	  al.	  [33]	  observed	  experimentally	  that	  the	  SAR	  (for	  iron	  oxide	  nanoparticles	  
of	  either	  magnetite,	  or	  maghemite)	  exhibited	  a	  maximum	  value	  when	  the	  particle	  diameter	  
was	   greater	   than	   that	   of	   typical	   superparamagnetic	   iron	   oxide	   (SPION)	   nanoparticles,	   but	  
below	  the	  size	  required	  for	  multidomain	  nanoparticles,	  i.e.	  in	  the	  transition	  region	  between	  
superparamagnetism	   and	   ferromagnetism,	   which	   corresponds	   to	   the	   peak	   in	   Figure	   1.9	  
where	  the	  coercivity	  dependence	  on	  nanoparticle	  radius	  is	  displayed.	  
Dutz	  et	  al.	  [33]	  also	  observed	  (for	  ferromagnetic	  iron	  oxides	  produced	  by	  precipitation)	  that	  
smaller	   nanoparticles	   (16	   nm	   as	   determined	   by	   BET,	   or	   13	   nm	   as	   determined	   from	   XRD)	  
exhibited	   higher	   losses	   per	   cycle	   at	   lower	   field	   amplitudes	   (i.e.	   Rayleigh-­‐region	   hysteresis	  
loops)	   than	   larger	   nanoparticles	   (44	   nm	   as	   determined	   by	   BET,	   	   or	   30	   nm	   as	   determined	  
from	  XRD)	  and	  vice	  versa	  at	  higher	  applied	  fields	  (above	  10	  kA/m).	  	  Thus,	  the	  fact	  that	  the	  
weakly	   ferromagnetic	   [(Co80Fe20)50Pt50]93Ag7	   nanoparticles	   studied	   in	   this	   thesis	   were	  
comparatively	   larger	   than	   the	   superparamagnetic	   [FePt]93Ag7	   nanoparticles,	   is	   believed	   to	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have	  little	  contribution	  to	  the	  recorded	  SAR,	  which	  is	  in	  agreement	  with	  the	  results	  obtained	  
in	  this	  Chapter.	  	  
The	  distribution	  of	  particle	  sizes	  is	  another	  important	  factor	  in	  obtaining	  the	  final	  value	  for	  
the	   SAR,	   with	   Branquinho	   et	   al.	   [4]	   demonstrating	   that	   broad,	   polydisperse	   size	  
distributions,	   effected	   dipole-­‐dipole	   interactions,	   and	   it	   was	   concluded	   that	   such	  
contributions	   from	  dipole-­‐dipole	   interactions	  between	  magnetic	   nanoparticles	   altered	   the	  
attempt	   time,	   τ!,	   of	   the	   Néel	   and	   Brown	   relaxation	  mechanism	   (see	   Equations	   1.10	   and	  
1.10),	  lowering	  the	  SAR.	  
It	  was	  observed	  that	  for	  magnetite	  crystals	  [34]	  with	  diameters,	  d,	  above	  an	  average	  ca.	  50	  
nm,	   the	   coercivity	   and	   remanance	   decreased	   with	   increasing	   size,	   according	   to	   an	  
empirically	   established	   d-­‐0.6	   relationship	   [35],	   which	   implies	   a	   decrease	   in	   the	   losses	   by	  
hysteresis	   for	   multidomain	   particles.	   	   Conversely,	   for	   magnetite	   nanoparticles	   of	   mean	  
diameter	  ca.	  30	  nm	   (see	  Figure	  1.9)	  a	  maximum	  hysteresis	   loss	  would	  be	  expected,	   if	   the	  
applied	  magnetic	  field	  amplitude	  was	  sufficiently	   large	  to	  allow	  saturation	  of	  the	  particles.	  	  
For	  superparamagnetic	  nanoparticles,	   it	  has	  been	  found	  experimentally	  that	  larger	  particle	  
volumes	   generate	   larger	   SAR	   values,	   provided	   the	  particles	   do	  not	  become	   so	   large	   as	   to	  
become	  ferromagnetic.	  	  This	  was	  observed	  by	  Okawa	  et	  al.	  [36],	  who	  measured	  the	  SAR	  of	  
magnetite	  nanocrystals	  of	  varying	  size,	  and	  noted	  an	  increase	  in	  SAR	  with	  particle	  volume,	  
up	  until	   ferromagnetism	  was	  observed	   (about	   18	  nm	   for	   their	   particular	   particles),	   above	  
which	  the	  SAR	  dropped	  steeply.	  	  Therefore	  the	  magnetite	  nanoparticles	  in	  this	  work,	  having	  
relatively	  large	  diameters,	  between	  25	  –	  30	  nm,	  and	  still	  remaining	  superparamagnetic,	  are	  
presumed	  to	  be	  near	  the	  transition	  region	  between	  superparamagnetic	  and	  ferromagnetic	  
characteristics,	  and	  therefore	  residing	  near	  their	  optimum	  size	  for	  maximum	  SAR	  output.	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As	  discussed	  in	  Section	  5.3.2,	  on	  the	  basis	  of	  Equations	  5.3	  and	  5.4,	  the	  relaxation	  times	  of	  
the	   ensembles	   of	   particle	  magnetic	  moments	   is	   heavily	   size-­‐dependant,	  which	   leads	   to	   a	  
very	  sharp	  maximum	  in	  the	  imaginary	  AC	  loss	  power	  function,	  χ”(f),	  with	  particle	  size	  [25],	  
where	  the	  frequency	  at	  which	  maximum	  losses	  occur	  (for	  magnetite)	  was	  calculated	  to	  vary	  
over	   two	  orders	  of	  magnitude	  when	  the	  average	  particle	  size	  was	  varied	  by	   less	   than	  two	  
nanometers.	   	   This	   steep	   dependency	   of	   particle	   diameter	   with	   power	   losses	   has	   been	  
explored	   in	   further	   detail	   by	   Rosensweig	   [37].	   	   In	   addition,	  many	   authors	   [4,	   26,	   30,	   38]	  
report	  on	   the	   formation	  of	  nanoparticulate	  aggregates	   in	  dynamic	   light	   scattering	  studies,	  
which	   increases	   the	   effective	   particle	   volume	  up	   to	   hundreds	  of	   nanometers,	   shifting	   the	  
Brown	  relaxation	  frequency	  to	  lower	  frequencies.	  	  In	  the	  specific	  case	  of	  Lacroix	  et	  al.	  [26]	  
down	  to	  130	  Hz,	  well	  below	  the	  operating	  frequency	  of	  the	  applied	  AC	  field	  (kHz)	  nullifying	  
contributions	  of	  Brown	  relaxation.	  	  	  
	  
5.8.3	  	  	   Effect	  of	  Superparamagnetism	  and	  Ferromagnetism	  on	  
SAR	  
Hiergesit	   et	   al.	   [1]	   performed	   a	   comparative	   experimental	   study	   of	   the	   SAR	   of	  
superparamagnetic	   nanoparticles	   with	   ferromagnetic	   nanoparticles	   at	   varying	   applied	  
magnetic	  field	  strengths.	  	  They	  observed	  a	  second	  order	  relationship	  for	  the	  SAR	  with	  field	  
amplitude	   for	   superparamagnetic	   nanoparticles,	   dissipating	   power	   via	   relaxation	  
mechanisms,	  while	  they	  observed	  a	  third	  order	  relationship	  for	  the	  SAR	  with	  field	  amplitude	  
for	  the	  ferromagnetic	  nanoparticles,	  dissipating	  heat	  via	  domain	  wall	  displacement,	  which	  is	  
in	  agreement	  with	  theoretical	  predictions	  for	  minor-­‐loop	  Rayleigh	  region	  hysteresis	  [14].	  	  A	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third	  order	   relationship	  between	  power	  output	   and	   field	   amplitude	  was	  also	  observed	  by	  
Hilger	  et	  al.	  [20].	  	  In	  contrast,	  for	  the	  frequency	  dependence	  (of	  the	  applied	  magnetic	  field)	  
with	   the	   SAR,	   a	   linear	   relationship	   exists	   with	   ferromagnetic	   nanoparticles,	   while	   for	  
superparamagnetic	  nanoparticles,	   theory	  predicts	  either	  a	   square,	  or	  a	   linear	   relationship,	  
depending	   on	   the	   ratio	   of	   applied	   field	   to	   the	   characteristic	   relaxation	   frequency	   of	   the	  
particle	   system	   [1].	   	   Hiergeist	   et	   al.	   concluded	   that	   comparable	   heating	   effects	   may	   be	  
achieved	  with	  both	  superparamagnetic	  as	  well	  as	  ferromagnetic	  nanoparticles	  suspended	  in	  
tissue-­‐mimicking	  gels	   [1],	   as	  was	  also	  observed	  by	  Hergt	  et	   al.	   [25]	   for	   small	   applied	   field	  
amplitudes.	  	  	  
5.8.4	   	   	  Effect	  of	  Ag	  on	  SAR	  
Ag	  has	  been	  demonstrated,	  in	  Chapter	  3,	  to	  stabilise	  the	  fcc	  phases	  of	  FePt,	  CoPt	  and	  solid	  
solutions	  of	  CoFePt,	  and	  these	  cubic	  phases	  are	  majority	  phases	  of	  the	  alloys	  studied	  in	  this	  
Chapter.	   	   The	  dislocations	   that	   such	  Ag	  dopant	   atoms	   create	  within	   the	   fcc	   latices	   create	  
pinning	   sites	   in	   the	   alloy,	   which	   for	   the	   ferromagnetic	   case	   of	   the	   ternary	   alloy,	   cause	  
further	  losses	  as	  the	  domain	  walls	  adhere	  to	  the	  pinning	  sites.	  	  In	  addition,	  the	  Ag-­‐induced	  
pinning	  sites	  (as	  well	  as	  others	  that	  arise	  from	  dislocations	  originating	  from	  disorder	  in	  the	  
partially	   ordered	   fcc	   alloys)	   are	   expected	   to	   exaggerate	   the	   Rayleigh-­‐region	   hysteretic	  
heating,	  whereby	  the	  Rayleigh	  Law	  dictates	  that	  a	  plot	  of	  SAR	  with	  applied	  field	  amplitude,	  𝐻,	  follows	  a	  cubic	  relationship	  [34].	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5.8.5	  Discussion	  of	  Errors	  involved	  with	  ΔT/Δt	  determination	  of	  SAR	  	  
The	  much	  lower	  SAR	  values	  predicted	  by	  the	  least	  squares	  loss	  function,	  𝐽,	  than	  the	  gradient	  
method	  (ΔT/Δt)	  arise	  from	  the	  fact	  that	  the	  latter	  incorrectly	  assumes	  a	  perfectly	  adiabatic	  
calorimeter,	   whilst	   the	   former	   takes	   into	   account	   unavoidable	   small	   heat	   losses	   to	   the	  
external	  environment	  with	  the	  term	  𝑅!!	   (thermal	  resistance	  to	  the	  ambient).	   	   In	  addition,	  
the	   gradient	  method	  does	   not	   take	   into	   account	   the	   thermal	   capacity	   of	   the	   system	  as	   a	  
whole	   (as	   is	   done	  with	   the	   𝐽	   function	   approach,	   rather,	   as	   previously	   stated,	   the	   thermal	  
capacities	  are	  usually	  calculated	  using	  literature	  values.	  	  
The	  advantage	  of	  the	  least	  squares	  method	  for	  SAR	  determination	  is	  evident	  in	  Figure	  5.10,	  
where	   the	   inconsistency	   in	   the	   SAR	   values	   derived	   from	   the	   ΔT/Δt	   method	   are	   clearly	  
demonstrated.	   	   It	   is	   not	   reliant	   on	   the	   ΔT/Δt	   gradient	   calculation,	   which	   can	   lead	   to	  
considerable	  errors,	  as	  observed	  by	  Andreu	  et	  al.	   [27].	   	  Furthermore,	   the	  method	  used	  to	  
calculate	   the	   initial	   slope	  often	  varies	  between	   research	  groups.	   	   Some	  groups	   report	   the	  
average	  change	   in	   temperature	   (ΔT/Δt)	   [39],	  whereas	  others	   fit	   a	  2nd	  order	  polynomial	   to	  
the	   initial	   slope	   [40],	   and	   others	   fit	   an	   exponential	   relation	   [41].	   	   Furthermore,	   the	   time	  
interval	  over	  which	  these	  curve	  fitting	  techniques	  determine	  ΔT/Δt	  varies	  between	  groups	  
as	  well,	  varying	  from	  50	  s	  [42]	  up	  to	  600	  s	  [40].	  	  Both	  the	  curve	  fitting	  procedure	  and	  time	  
interval	   used	   can	   cause	   significant	   discrepancies	   in	   the	   observed	   SAR,	   as	   noted	   by	  Wang	  
[23].	  It	  was	  also	  found	  that	  the	  volume	  of	  material	  considered	  in	  the	  caloric	  experiments	  can	  
affect	  the	  slope	  of	  the	  temperature	  vs.	  time	  curve,	  with	  Huang	  et	  al.	   [43]	  observing	  a	  3	  %	  
error	  for	  a	  sample	  of	  volume	  2.5	  mL,	  increasing	  to	  7	  %	  error	  when	  the	  volume	  was	  reduced	  
to	  1	  mL.	  	  The	  source	  of	  the	  error	  was	  attributed	  to	  heat	  loss	  through	  the	  change	  in	  surface	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area	   of	   the	   liquid	   medium,	   leading	   to	   the	   concept	   of	   a	   critical	   volume	   for	   calorimetry	  
measurements,	  being	  unique	  to	  each	  experimental	  set	  up.	  
In	  addition,	  Wang	  et	  al.	   [23]	  noted	  that	   the	  position	  of	   the	  temperature	  sensor	   inside	  the	  
sample	   was	   crucial	   to	   recording	   accurate	   SAR	   values,	   which	   is	   often	   neglected	   by	   many	  
groups.	  	  	  
	  
5.8.6	  	  	   Effect	  of	  Particle	  Density	  on	  SAR	  
When	  comparing	  SAR	  values	  from	  over	  a	  range	  of	  magnetic	  nanoparticle	  compositions,	  the	  
density	   of	   the	   nanoparticles	   is	   another	   factor	   that	   needs	   to	   be	   addressed.	   	   For	   example,	  
when	  comparing	  the	  SAR	  values	  of	  the	  magnetite	  nanoparticles	  with	  the	  binary	  and	  ternary	  
alloy	   nanoparticles	   (Table	   5.6),	   the	   different	   densities	   of	   the	   nanomaterials	   must	   be	  
acknowledged	   before	   a	   proper	   comparison	   can	   be	  made,	   since	   these	   dictate	   the	   volume	  
concentration	  (%	  v/v).	  	  In	  terms	  of	  mass	  percent	  (%	  w/w),	  the	  RF	  calorimetry	  experiments	  of	  
both	  the	  nanoalloys	  and	  the	  magnetite	  sample	  contained	  similar	  particle	  loadings	  of	  about	  
30	  %	  w/w.	  However,	  since	  the	  density	  of	  the	  magnetite	  nanoparticles	  is	  about	  6	  g	  cm-­‐1,	  and	  
the	  density	  of	  the	  alloys	  is	  about	  15	  g	  cm-­‐1,	  the	  particle	  concentrations	  in	  terms	  of	  volume	  %	  
are	  calculated	  to	  be	  5.84	  %	  v/v,	  2.72	  %	  v/v,	  and	  2.86	  %	  v/v	  for	  magnetite,	  [FePt]93Ag7	  and	  
[(Co80Fe20)50Pt50]93Ag7,	  respectively.	  	  Thus,	  when	  the	  concentration	  is	  expressed	  as	  a	  volume	  
percentage,	   the	  magnetite	  nanoparticles	   are	  about	   twice	  as	   concentrated	  as	   those	  of	   the	  
alloy	  samples,	  which	  may	  be	  expected	  to	  contribute	  to	  the	  higher	  SAR	  value	  measured	  for	  
magnetite.	  	  Indeed,	  for	  the	  calculations	  performed	  by	  Rosensweig	  [37],	  volume	  percentages	  
of	  magnetite	  of	  7.1	  %	  v/v	  were	  used,	  which	  correspond	  to	  a	  mass	  percentage	  of	  48	  %	  w/w.	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As	  a	  side	  note,	  in	  terms	  of	  molar	  concentrations	  of	  the	  nanoparticles,	  the	  concentrations	  are	  
similar:	  3.36	  x	  10-­‐4	  mole	  for	  magnetite,	  3.64	  x	  10-­‐4	  mole	  for	  [FePt]93Ag7	  and	  3.80	  x	  10-­‐4	  mole	  
for	  [(Co80Fe20)50Pt50]93Ag7.	  
	  
	  5.9	  	   	   Conclusion	  
	  
In	  this	  Chapter	  it	  has	  been	  demonstrated	  that	  the	  novel	  AC-­‐RF	  micro	  calorimeter	  described	  
in	   Chapter	   4	   could	   be	   applied	   to	   determine	   the	   magneto-­‐thermal	   behaviour	   of	   two	  
magnetic	   alloys,	   a	   superparamagnetic	   alloy	   of	   composition	   [FePt]93Ag7	   and	   a	   weakly	  
ferromagnetic	   alloy	   of	   composition	   [(Co80Fe20)50Pt50]93Ag7.	   	   Both	   alloy	   nanoparticles	  
dissipated	  heat	  when	  irradiated	  by	  the	  applied	  magnetic	  field,	  and	  the	  SARs	  originating	  from	  
each	   nanoparticle	   system	   are	   believed	   to	   originate	   from	   Néel	   relaxation	   for	   the	  
superparamagnetic	   sample,	   and	   hysteretic	   heating	   for	   the	   ferromagnetic	   sample.	   	   In	   the	  
current	  instance,	  both	  relaxation	  mechanisms	  generated	  near-­‐identical	  power	  outputs	  (0.14	  
±	  0.02	  compared	  with	  0.13	  ±	  0.01	  W/g)	  (Table	  5.8).	  	  	  
The	  SAR	  values	  computed	  by	  the	  least	  squares	  loss	  function	  were	  different	  to	  those	  derived	  
from	  the	  gradient	  method,	  the	  latter	  however	  is	  believed	  to	  be	  a	  less	  accurate	  method	  for	  
determining	  the	  SAR	  value	  of	  a	  magnetic	  nanoparticle	  population.	  	  The	  results	  suggest	  that	  
the	  𝐽	  function	  procedure	  used	  to	  calculate	  SAR	  (Specific	  Absorption	  Ratio)	  values	  is	  capable	  
of	  distinguishing	   the	  heating	  efficiency	  of	  different	   samples	   (the	  binary	  and	   ternary	  alloys	  
and	  magnetite)	  which	  correlates	  directly	  with	  their	  magnetic	  susceptibility	  values.	  Indeed,	  it	  
was	   observed	   that	   the	   SAR	   value	   calculated	   by	   the	   loss	   function	   is	   proportional	   to	   the	  
magnetic	  susceptibility,	  χ	  (see	  Figure	  5.11	  and	  reference	  [26]).	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CHAPTER	  	  6	  
	  
	  
	  
CONCLUSIONS	  AND	  FUTURE	  WORK	  
	  
	  
6.1	  	   	   	  Conclusions	  
	  
FePt	   and	   CoFePt	   nanoparticles	   were	   prepared	   via	   a	   reverse	   micelle	   technique	   and	   their	  
subsequent	   physico-­‐chemical	   treatment	   gave	   nanoalloys	   which	   exhibited	   magnetic	  
properties	   ranging	   from	   paramagnetic,	   superparamagnetic	   to	   strongly	   ferromagnetic,	  
resulting	  from	  differing	  proportions	  of	  the	  A1	  to	  L10	  crystallographic	  phases.	  	  A	  silver	  dopant	  
was	   incorporated	   into	   the	   as-­‐synthesised	   precursor	   nanoparticles,	   and	   found	   to	   exhibit	   a	  
complex	  relationship	  with	  the	  host	  lattices;	  Ag	  enhanced	  the	  magnetic	  characteristics	  of	  the	  
FePt	   nanoparticles,	  while	   for	   the	  CoFePt	   nanoparticles	   it	   increased	   crystallite	   growth,	   but	  
lowered	  the	  magnetic	  coercivity.	   	   In	  both	  cases	   it	  was	  observed	  to	  stabilise	   the	  A1	  phase.	  	  
SQUID	  magnetometry,	  HRTEM	  and	  XRD	  were	  used	  to	  trace	  the	  evolving	  changes	   in	  crystal	  
symmetry,	   size	   and	   relative	   phase	   proportions,	   however	   it	   was	   found	   that	   the	   subtle	  
changes	  of	   lattice	   rearrangement	  which	   give	   rise	   to	   changes	   in	  magnetic	   behaviour	   could	  
only	  be	  adequately	  studied	  through	  the	  SQUID	  data.	  	  
	  
The	  issues	  involved	  in	  accurately	  recording	  caloric	  measurements	  on	  magnetic	  nanoparticles	  
irradiated	   by	   RF	   magnetic	   fields	   were	   addressed,	   and	   the	   design	   and	   construction	   of	   a	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sensitive	   calorimeter	   was	   described	   that	   was	   capable	   of	   providing	   reliable	   data	   on	   such	  
nanoparticles.	   	   A	   detailed	   procedure	   for	   calibrating	   the	   calorimeter	   using	   a	   commercial	  
magnetite	  sample	  and	  a	  calculation	  protocol	  minimised	  the	  systematic	  errors	  by	  means	  of	  a	  
least	   squares	   lumped	   parameter	   model	   enabled	   compution	   of	   the	   power	   output	   of	   the	  
nanoparticle	  samples.	  	  
	  
The	   RF-­‐AC	   microcalorimeter	   was	   used	   to	   examine	   two	   selected	   magnetic	   nanoalloys,	   a	  
superparamagnetic	   ([FePt]93Ag7)	   and	   ferromagnetic	   ([(Co80Fe20)50Pt50]93Ag7)	   alloy,	   both	   of	  
which	  dissipated	  heat	  as	  a	  result	  of	  relaxational	  interactions	  of	  the	  nanocrystallites	  with	  the	  
applied	   oscillating	   magnetic	   field.	   	   The	   origin	   of	   the	   power	   output	   as	   expressed	   in	   the	  
Specific	   Absorption	   Ratio	   (SAR)	   was	   argued	   to	   be	   via	   Néelian	   relaxation	   for	   the	  
superparamagnetic	  nanoalloy,	  and	  hysteresis	  for	  the	  weakly	  ferromagnetic	  nanoalloy.	  	  Two	  
methods	  were	  used	  to	  calculate	  the	  SAR,	  the	  least	  squares	  𝐽	  function	  approach,	  described	  in	  
Chapter	  4,	  and	  the	  ΔT/Δt	  method	  widely	  used	  in	  the	  literature.	  	  The	  least	  squares	  model	  was	  
found	   correlate	   well	   with	   the	  magnetic	   susceptibilities	   of	   the	   nanoparticles	   [1],	   and	   was	  
concluded	  to	  be	  the	  superior	  method.	  	  
	  
	  
	  	  
6.2	  	   	  	   Future	  Work	  
	  
	  
On	   the	   basis	   of	   the	   studies	   completed	   in	   this	   thesis,	   further	   exploration	   of	   the	   following	  
areas	  are	  likely	  to	  be	  fruitful	  in	  extending	  application	  of	  magnetic	  nanoparticle	  hyperthermia	  
to	  medically	  relevant	  scenarios.	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The	   investigation	   of	   nanoalloys	   with	   larger	   saturation	   magnetisation	   and	   magnetic	  
susceptibility	  values	  within	  the	  Rayleigh	  region	  of	  magnetisation	  should	  allow	  the	  selection	  
of	  materials	   to	  provide	   the	  maximum	  power	   (heat)	  output	  per	  unit	  mass.	   	   In	  particular,	   it	  
would	   be	   worthwhile	   exploring	   the	   relationship	   between	   the	   magnetic	   susceptibility	   of	  
superparamagnetic	  materials	  and	  SAR	  values	  which	  has	  been	  suggested	  in	  the	  literature	  [1].	  
In	   the	   case	   of	   ferromagnetic	   materials	   the	   extent	   of	   heating	   is	   proportional	   to	   the	   area	  
enclosed	   within	   the	   hysteresis	   loop,	   which	   is	   clearly	   quite	   small	   for	   the	   field	   variation	  
generated	   in	   the	   microcalorimeter,	   and	   hence	   it	   is	   not	   surprising	   that	   for	   the	   weakly	  
ferromagnetic	  ternary	  alloy	  only	  a	  small	  magneto-­‐thermal	  effect	  was	  observed.	  	  	  This	  factor	  
could	   be	   further	   explored	  with	  more	  highly	   ferromagnetic	  materials	   endowed	  with	   larger	  
remanent	  magnetisation	  values.	  
	  
Future	  RF	  magnetic	  calorimeter	  designs	  need	  to	  take	   into	  account	  the	  𝑓𝐻!	   relationship	  to	  
the	  SAR,	  with	  the	  aim	  to	   increase	  𝐻,	  but	  reduce	  𝑓	   to	  remain	  within	  the	  Bresovich-­‐defined	  
[2]	  limit	  of	  clinically	  acceptable	  magnetic	  fields.	  An	  increased	  𝐻	  should	  provide	  more	  power	  
output,	  although	  this	  will	  also	  cause	  significant	  unwanted	  convective	  heating	  of	  the	  sample	  
which	  would	  require	  better	  insulation	  than	  that	  described	  in	  Chapter	  4.	  	  	  
	  
A	  further	  candidate	  for	  magneto-­‐thermal	  calorimetry	  is	  permendour,	  FeCo,	  which	  can	  have	  
a	   very	   high	   magnetic	   susceptibility	   and	   magnetic	   saturation.	   	   Nanoparticles	   with	   such	  
characteristics	  are,	  as	  a	  result	  of	  the	  insights	  gained	  from	  Chapters	  3,	  4,	  and	  5,	  anticipated	  to	  
generate	   significant	   power	   output	   in	   AC	   fields	   of	   comparatively	   low	   amplitude	   and	  
frequency,	  such	  as	  those	  required	  for	  hyperthermia.	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Having	  established	  the	  reliability	  and	  accuracy	  of	  the	  microcalorimeter,	  it	  should	  be	  possible	  
to	   undertake	   a	   more	   detailed	   investigation	   of	   a	   wide	   range	   of	   dispersant	   molecules	   to	  
obtain	   biocompatible	   colloids	   capable	   of	   providing	   stable,	   concentrated,	   nanoparticle	  
suspensions	   of	   around	   30	   %	   w/w	   or	   less.	   	   Media	   which	   do	   not	   degrade	   the	   magnetic	  
nanoparticles,	  and	  allow	  for	  a	  variety	  of	  viscosities,	  would	  provide	  promising	  samples	  to	  test	  
in	   the	  micro	   calorimeter	  developed	  here,	   since	   the	  high	   viscosity	   of	   the	  dispersing	   agent,	  
SPAN85,	   prevented	   a	   detailed	   study	   of	   the	   relative	   contributions	   of	   Brown	   and	   Néel	  
relaxation	   mechanisms.	   	   In	   addition,	   a	   more	   detailed	   investigation	   of	   the	   relative	  
contributions	   of	   Néel	   and	   Brown	   heating	   mechanisms	   to	   the	   heat	   generated	   by	  
superparamagnetic	  materials	  could	  be	  undertaken,	  especially	  with	  regard	  to	  a	  more	  careful	  
choice	  of	  uniform	  particle	  size	  of	  the	  nanoalloys,	  	  	  	  
	  
If	   Dynamic	   Light	   Scattering	   (DLS)	   studies	   (or	   neutron	   scattering	   studies)	   were	   able	   to	   be	  
performed	   on	   concentrated	   dispersions,	   rather	   than	   the	   extremely	   dilute	   dispersions	  
currently	  required	  for	  DLS,	  quantitative	  dispersion	  characteristics	  of	  the	  nanoparticles	  would	  
be	  realised,	  and	  would	  prove	  valuable	  in	  determining	  hydro-­‐dynamic	  particle	  radii	  under	  the	  
concentrated	   conditions	   present	   inside	   the	   calorimeter,	   and	   aid	   in	   the	   understanding	   of	  
Néel	   and	   Brown	   relaxation	   mechanics,	   where	   accurate	   knowledge	   of	   particle	   radii	   are	  
crucial.	  
	  	  
For	  biological	  applications	  of	  the	  work	  presented	  in	  this	  thesis,	  surface	  modification	  studies	  
to	   incorporate	   anti-­‐bodies,	   such	   as	   the	  work	  of	   Park	   et	   al.	   [3],	   to	  more	   specifically	   target	  
tumour	   cells	   whilst	   incorporating	   nanomaterials	   with	   high	   power	   output	   would	   provide	  
suitable	  systems	  for	  in-­‐vivo	  hyperthermia	  studies.	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